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Abstract
The charged particle beamline simulation program DECAY TURTLE (Trace Unlimited
Rays Through Lumped Elements) has been modied to enable simulation of dipole magnet
steering eects and simulation of hadronic interactions. These modications together
with the implementation of the measured misalignments of the magnetic elements of the
H6 beamline at the CERN North Area and implementation of more accurate magnet
apertures have been shown to allow a realistic simulation to be made of the complex
524 m long H6 beamline spectrometer used by NA52. The acceptance of the H6 beamline
spectrometer has been computed using this modied version of DECAY TURTLE.
Using these results better determined invariant dierential production cross sections have
been computed from the NA52 1994-1995 data, with improved error estimates.
New limits for strangelet production in lead-lead collisions at 158A GeV/c have been
computed from the NA52 measurements from 1994-1995.
The methods and results presented in this work can be applied to experiments using
similar secondary beamlines as H6, like most of the SPS secondary beamlines at CERN.
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Short introduction to the papers
I This paper reports the rst cross section results computed from the measurements
made during the 1994 SPS lead run. Invariant dierential production cross sections
for antiprotons and antideuterons in Pb + Pb collisions at 158AGeV/c are reported.
An upper limit on the invariant dierential production cross section for antihelium-
3 is also reported. The author participated in the preparation and carrying out of
the measurements reported in this paper and analysis of the results. The author
performed some of the acceptance computations for this paper and some of the
simulations from which the systematic errors of the acceptance were estimated.
II The measurements made during the 1994 and 1995 SPS lead runs were combined to
compute invariant dierential production cross sections for baryons and antibaryons
as well as K
+
and K
 
mesons. Results on the temperature and the chemical po-
tential of the particle source as well as on the freeze out radius of baryons and
antibaryons computed by using a simple thermodynamical model and a coalescence
model are reported. The author participated in the preparation and carrying out of
the measurements reported in this paper and analysis of the results. The acceptance
values and error estimates used in Paper I were used here as well.
III A new analysis of the 1994 and 1995 data using the full particle identication poten-
tial of the NA52 apparatus yielded invariant dierential production cross sections
for 

and K

. Results on K/ and 
 
=
+
ratios as a function of rapidity are
presented. The author participated in the preparation and carrying out of the mea-
surements reported in this paper.
IV Results from the 1994 strangelet search data are reported by giving upper limits for
the production probability of strangelets at zero degree production angle covering
a mass to charge ratio up to 120 GeV/c
2
and lifetimes t
lab
 1.2 s. The author
participated in the preparation and carrying out of the measurements reported in
this paper and analysis of the results.
V Here the combined strangelet search results from the 1994 and 1995 SPS lead runs
are presented. New upper limits for the production probability of strangelets at
zero degree production angle covering a mass to charge ratio up to 120 GeV/c
2
and
lifetimes t
lab
 1.2 s are given. The author participated in the preparation and
carrying out of the measurements reported in this paper and analysis of the results.
viii
Chapter 1
Introduction
According to the Big Bang Model of cosmology and the Standard Model of particle
physics, the Universe went through a series of phase transitions as it expanded and cooled.
One of these phase transitions occurred when the Quark Gluon Plasma (QGP) lling the
Universe cooled down to form a hadron gas (HG). This happened approximately 10 s
after the Big Bang, when the temperature was approximately 200 MeV [1]. A QGP is a
phase where the quarks are deconned and chiral symmetry is unbroken. In a HG the
quarks are conned and the chiral symmetry is broken.
This phase transition is interesting for several reasons, one of them being that it is the
only phase transition that is accessible to studies in the laboratory of those connected
to the fundamental elds that occurred in the early Universe. Measuring the properties
of this phase transition is also interesting and important because it is very diÆcult to
calculate them from Quantum Chromodynamics (QCD). Observations of the QGP would
also yield the rst possibility to study unconned quarks.
1.1 Motivations for high energy heavy ion physics
The equation of state of nuclear matter is not known very precisely, because of the tech-
nical problems of calculating it from the non-abelian theory, QCD. The general outline of
the phase diagram of quark matter has been determined from QCD model computations,
lattice QCD calculations [2] and measurements, see Fig. 1.1.
From the phase diagram it can be seen that a QGP can be created either by heating a
system of nucleons enough so that more particles are produced and the thermal motion
breaks the hadrons or by squeezing a nucleus together so much that the hadrons overlap
and loose their identity. When two heavy energetic nucleons collide with each other a
very hot and dense system might be formed if enough kinetic energy is liberated in the
interaction region. Provided that the nuclear stopping power is large enough a QGP might
be formed. That this method of heating nuclear matter really works was rst suggested
by the hydrodynamical model of heavy ion collisions [3, 4, 5] and then conrmed by the
rst high energy heavy ion experiments [6]. The development in this eld has been driven
by the available accelerators, that is the Alternating Gradient Synchrotron (AGS) with a
centre of mass energy of
p
s = 5 AGeV, the Super Proton Synchrotron (SPS) with
p
s =
17 A GeV and the new Relativistic Heavy Ion Collider (RHIC) with
p
s = 200 A GeV.
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Figure 1.1: The phase diagram of strongly interacting matter.
The future Large Hadron Collider (LHC) will also be used for heavy ion experiments with
p
s = 5.5 A TeV.
The use of ultra-relativistic heavy ion collisions (URHIC) is the only known way of cre-
ating a QGP for laboratory studies and the goal has been for several years to create and
detect the QGP. More generally the motivation for these experiments is to study the ther-
modynamics of strongly interacting matter. The conditions in these collisions resemble
the conditions in the Early Universe, so the results have cosmological importance as well.
The analogy between the Big Bang and the ultra-relativistic heavy ion collisions is so
close that the latter is often called Little Bang [7]. Heavy ion collision experiments are
important also because they provide knowledge about the nuclear equation of state.
1.2 QGP
The transition temperature T
c
to the QGP can be estimated from lattice QCD calcu-
lations. In a recent calculation with two and four quarks the value 140 MeV has been
obtained [2]. Computing with gluons only resulted in the value 265 MeV for the transition
temperature. It has been estimated from lattice QCD calculations that T
c
is in the range
150-200 MeV for 2-3 light quark avours corresponding to a critical energy density of
1-3 GeV/fm
3
for the formation of a QGP [8].
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If a QGP is created in ultra-relativistic heavy ion collisions it is very diÆcult to study
it, because the created volume is expected to be small, about a few fm in diameter and
existing only for perhaps 5 to 10 fm/c [9]. These quoted numbers depend on the centre of
mass energy of the colliding system. The QGP undergoes a rapid dynamic development
as it expands and cools down. Despite these diÆculties several signals have been proposed
to be used to extract information whether the initial hot state was a QGP or a HG. One
possible classication for some of the proposed signals is: [9]
 Kinematic probes
 Electromagnetic probes
 Deconnement probes
 Probes of chiral symmetry restoration
 Hard QCD probes
The kinematic probes consists of variables like the average transverse momentum, hp
?
i,
the hadron rapidity distribution, dN=dy, the transverse energy, dE
T
=dy, which can be
related to thermodynamic quantities like the energy density , the pressure P and the
entropy density s. The idea with these signals is to look for large increase in the eective
number of degrees of freedom in a small temperature range. The high pressure in a QGP
produces transverse ow and asymmetric ow. Precision measurements of the asymmetric
ow as a function of the impact parameter, b, can reveal abrupt behaviour signalling QGP
formation. Another signal is identical particle intereferometry, which gives information
about the space-time dynamics of the system.
Photons and lepton pairs are emitted also from the earliest and hottest stage of the QGP,
but this electromagnetic signal is hard to extract from a large background of hadronic
processes.
In a similar way as an electromagnetic charge is screened in an electromagnetic plasma,
one can expect colour charges to be screened in a QGP. This deconnement signal could
manifest itself as a suppression of production of narrow resonances like the J= and the
 [10].
Another expected deconnement signal is the enhancement in the production of strange
particles. This could lead to the production of strangelets.
Chiral symmetry restoration could lead to the observation of pion charge ratios N

0
=N

signicantly dierent from one-third and an enhanced antibaryon production.
Quark and gluon jets serve as hard QCD probes of the QGP, but these become relevant
at RHIC and LHC energies only.
Some signals and observables of the QGP are schematically summarized in Fig. 1.2
according to their point of origin in the hot evolving system. The upper signals come
from the QGP itself, the left signals from the QGP-HG phase transition and the right
signals come from the HG. For more discussion about the possible signals from the QGP
see [11] and the references therein.
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Figure 1.2: The signals and observables of the quark gluon plasma [12].
1.3 Strangelets
Strangelets are multiquark particles consisting of more than three quarks with approxi-
mately equal amounts of u-, d- and s-quarks. There is no physical principle which says
that quarks can only come in pairs (mesons) or triplets (baryons). Strangelets might be
stable or metastable. The reason for their proposed stability is that the Fermi-energy
for a large enough system with a xed number of u- and d-quarks is higher than the
corresponding system of u-, d- and s-quarks because of the Pauli principle, even though
the s-quark is heavier than the u- and d-quarks. Calculations with the MIT-bag model
and lower Fermi energy suggest that strangelets might be stable [13, 14].
Strangelets could be produced as cooled remnants of a QGP through the strangeness
distilling mechanism proposed in [15, 16]. Detection of strangelets could then signal the
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formation of a QGP. The basic idea in the distillation mechanism is that of the s and s-
quarks produced in the interaction, the s-quarks bind with the u  and d-quarks from the
initial state nuclei forming K
+
and K
0
-mesons. When these mesons evaporate from the
system, they carry away antistrangeness and entropy. The remaining baryon-rich system
is strongly enhanced with s-quarks, which could favour the formation of strangelets.
Coalescence models provide another production mechanism for strangelets, where hyper-
nuclei produced in heavy ion interactions could decay to strangelets.
The production probability and lifetime of strangelets has recently been calculated using
the MIT-bag model [17]. The estimated lifetimes range from 10
 5
- 10
 10
s for short-lived
ones to 10
 4
- 10
 5
s for long-lived ones. According to this model charged strangelets are
expected to have a high negative charge and to be rather massive.
The s-quark has a charge of  
1
3
, which means that strangelets should have a relatively low
charge compared to ordinary nuclear matter. The experimental strangelet signature is a
heavy particle with a low charge to mass ratio jZj=A. The mass of a strangelet might have
almost any value. For small lumps of strange quark matter (SQM) the shell structure of
the quarks have an important eect on their stability.
The idea of strange quark matter (SQM) rst originated in the connection of astrophysics,
when it was proposed SQM might exist in the centre of stars [18]. E. Witten proposed
that droplets of strange quark matter produced by the QCD phase transition 10 s after
the Big Bang could form the dark matter in the Universe [19]. Witten acknowledges that
some of the points he considered had actually been raised already earlier by E. Suhonen
[20].
1.4 Particle production
The multiplicity of secondaries produced in a heavy ion collision depends strongly on the
impact parameter of the collision. In most cases only some of the initial state nucleons
interact in a heavy ion collision, so the nal state particles will contain fragments from
the initial state nuclei as well as particles created in dierent stages of the interaction.
It has been suggested that the creation of a QGP might lead to strangeness enhance-
ment, which means that measuring the yields of strange mesons and baryons will provide
information about the hot interaction region [21].
Most models assume that antibaryons arise via coalescence of three antiquarks. This
process is sensitive to the thermal antiquark distributions and the chemically equilibrated
antiquark abundances in the QGP. It has been suggested that high antiquark densities in
the QGP might lead to antibaryon as well as antinuclei abundances. Baryon-antibaryon
annihilation in the hadron gas may considerably dilute these abundances. For these
reasons it is of great interest to measure antibaryon production in heavy ion collisions.
The fragments from the initial nuclei are also interesting to measure, because they give
information about the binding energy of the participating nucleons.
61.5 The goals of experiment NA52
The experiment NA52 at the CERN SPS has been designed mainly for searching for
charged long-lived massive strangelets in lead-lead interactions at 158AGeV/c and reach-
ing a (model dependent) sensitivity of 10
 9
  10
 10
.
The second objective is to measure production yields and rapidity distributions in lead-
lead interactions at p
?
 0 GeV/c for 

, K

, p, p, d, and

d. Measurements of production
yields and rapidity distributions of heavier particles like t,
3
He,
3

He and  are also possible.
The NA52 apparatus can also be used to measure production yields of fragments produced
in the lead-lead interactions.
To achieve these goals a detector with good particle identication capabilities is needed.
In the NA52 design a focusing spectrometer setup was chosen. A precise knowledge of
the acceptance of the NA52 spectrometer is necessary for computing particle production
cross sections or particle yields from the measurements. The work presented here is
aimed to provide a more detailed understanding of the acceptance of the complex NA52
spectrometer.
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2.1 Design principles
The primary goal of experiment NA52 is to search for charged long-lived strangelets
produced in ultra-relativistic lead-lead interactions. The secondary goal of NA52 is to
measure production yields and rapidity distributions in lead-lead interactions at p
?
 0
GeV/c for long-lived charged particles.
To obtain good statistics or good upper production limits for the strangelet search a high
rate capability is needed and an acceptance as large as possible is preferred. Since the
mass of the strangelets can be almost anything the experiment must cover a wide range
in mass. In NA52 strangelet candidates are searched for by looking for massive particles
with low jZj=A ratios. To achieve these goals a focusing time of ight (TOF) spectrometer
has been chosen as the basis of the design of the experiment.
The basic idea behind the NA52 experiment is to use an existing secondary charged
particle beam transport line as the backbone of a TOF-spectrometer by instrumenting it
suitably. The beamline is used to provide the needed time of ight path as well as for
selecting the charge sign and momenta of the particles with dipole magnets. By using an
existing beamline one can build a powerful detector with relatively low costs.
The mass determination is made with the help of a TOF measurement. This method
naturally implies very fast and accurate time measurements with a long ight path for a
good TOF resolution to separate particles with dierent velocities, which means that one
needs a long detector. Of course one also needs to take into account the lifetimes of the
particles of interest. The available ight path then needs to be covered with several very
precise TOF planes to use the full available ight path and to have redundancy in the
measurement.
The dierential energy loss measured in the fast scintillators, which the TOF-planes con-
sist of, allows for a charge measurement, when the sign of the charge is known from the
bending of the particle trajectories in a magnetic eld.
The requirement of a high rate capability asks for a detector with redundant particle iden-
tication power and eective background suppression capacity. The TOF-identication
works best at low values of the particle speed, so for high rigidities one needs addition-
al particle identication provided by threshold

Cerenkov counters and one dierential
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
Cerenkov counter. For the strangelet search, the large number of light particles like elec-
trons, muons and pions, constitute a considerable background which can be identied and
rejected already at the trigger level with the help of the

Cerenkov counters.
A hadron calorimeter at the end of the spectrometer is used for identifying electrons,
muons and hadrons.
Double particle rejection, acceptance studies and charged particle tracking requires the
detector also to be equipped with a set of wire chambers.
Now since the design of experiment NA52 assumed the use of an existing beamline, the
acceptance could not be chosen freely and the momentum range of the produced secondary
hadrons is also determined by the beamline choice. The use of a dierential

Cerenkov
counter implies a beamline with a parallel section and a good TOF-resolution requires
the use of a beamline with as long a ight path as possible. Originally in the letter of
intent for NA52 the use of one of the beamlines H10, H8 or H6 in the CERN North Area
was foreseen [22]. NA52 was approved to use the H6 beamline which had a ight path of
524 m during the 1994{1996 data taking periods, so the acceptance and the length of the
ight path was largely xed by this decision.
In order not to rebuild the beamline from scratch, the needed subdetectors have been
placed at positions which are suitable in terms of the size of the secondary beam and at
positions which interfere minimally with the vacuum pipe of the beamline. Schematic
drawings of the detector setups from 1994{1996 are shown in Fig. C.1, C.2 and C.3.
2.2 The TOF system
A TOF-plane in NA52 consists of a set of eight adjacent 10 cm long fast scintillating slabs
made of BICRON 404 strips (polyvinyltoluene). The eight slabs have widths of (20, 12,
10, 8, 8, 10, 12, 20) mm, which covers the full beam size. These dierent widths were
chosen in an attempt to roughly equalize the rate in each slab. Fig. 2.1 shows the layout
of the slabs, the light guides and the photomultiplier tubes.
The TOF1, TOF2, TOF3 and TOF5 counters are 1 cm thick. To minimize the amount
of material in the beamline at the expense of the intrinsic time resolution TOF2 and
TOF4 are only 0.5 cm thick. The thick TOF-planes have an intrinsic time resolution of
74 1 ps, while the thin ones have intrinsic time resolution of 105 1 ps. All scintillator
slabs are individually wrapped with 40 m of aluminium foil and 500 m of scotch tape.
The light from both ends of each slab is transported with plastic light guides to 2"
Hamamatsu H1949 photomultiplier tubes, which have double outputs. The signal from
one output is fed into an analog to digital converter (ADC) of type LeCroy 4300B FERA
ADC. The other output is discriminated with a special constant fraction discriminator
[23, 24]. The discriminated signal is fed into a time to digital converter (TDC), which
consists of a time to charge converter of type LeCroy 4303 TFC
1
and a LeCroy 4300B
FERA ADC. The time resolution of the TDC is 50 ps / count, which results in a maximum
delay of 80 ns. The discriminated signals are also fed into future/past registers for each
TOF channel to record the distribution of hits in time during a period of 2.55 s.
1
TFC = Time to FERA Converter.
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Figure 2.1: A schematic gure of a TOF plane.
The slabs of each TOF-plane are numbered 1{8 from left to right, when looking from
the target downstream towards the end of the beamline. It should be noted that if
the positive y-axis is taken to point upwards and the positive z-axis points downstream
from the target, then this numbering of the x-coordinate denes a left-handed coordinate
system, see Appendix A.
2.2.1 Beam counters
Unsegmented scintillating counters, B1 and B2, of size 12 cm * 12 cm * 0.5 cm, are used
for triggering purposes, see Fig. C.1, C.2 and C.3. A similar counter, B0, was installed
in 1995 to provide additional redundancy in the TOF measurement and to improve the
charge measurement. These counters are read out from both ends with Philips XP2020
photomultiplier tubes. The analog signals are added before they are fed into the FERA
ADC and TDC systems in a similar way to the TOF channels. The signal from B0 is
demultiplexed four times after the summation of the upper and lower signals.
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2.3 The wire chambers
Behind each TOF-plane there is a wire chamber. These planes are called W1T{W5T as
they are placed close by the TOF-counters. Additionally there are two wire chambers not
mounted near to a TOF-plane. These two are placed in front of and behind the second
bend in the vertical plane of the beamline spectrometer, hence their names W2S and
W3S.
The WnT chambers contain two sets of double wire planes, which are rotated 45 degrees
with respect to each other. Only three planes are read out, so they measure the x; y and
v coordinates. The WmS wire chambers consist only of one double wire plane measuring
only the x and y coordinates. Fig. 2.2 shows schematically the WnT and the WmS wire
chambers.
W1-5T

x
6
y

z
I
v
45
0
W2-3S
Figure 2.2: The relative positioning of the x-, y- and v-coordinates. The v-coordinate is
turned by 45
0
with respect to the y direction. The coordinate axes x and y together with
the particle direction along the z-axis dene the right-handed coordinate system used in
the analysis.
Each wire chamber has two windows made out of 25 m thick kapton foil with a spacing
of 3 cm and three planes of aluminium foil, which are also 25 m thick. A mixture of 75 %
Ar and 25 % (CH
3
)
2
CHCH
3
is used as a lling gas at atmospheric pressure. Each wire
plane consists of 96 parallel 10 m thick gold plated tungsten wires which have a spacing
of 1 mm. To simplify the electronics and the cabling only the OR of three neighbouring
wires is used as input to the ampliers, so the eective wire pitch is 3 mm.
The intrinsic numbering of the wires in the wire chambers was constructed in analogy with
the numbering of the TOF-planes, which means that the natural coordinate system is also
left-handed, see Appendix A. The analysis and reconstruction program converts the wire
numbers of the wires hit to a right-handed coordinate system. The time and amplitude
of the signal from a wire with a hit is not available, only the position is measured.
2.4 The

Cerenkov counters
A charged particle moving faster than c=n in a medium with a refractive index n, emits

Cerenkov light at a characteristic angle 
c
, where cos 
c
= 1=n. This eect is the basis
of

Cerenkov counters.
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Threshold

Cerenkov counters [25, 26, 27] provide the NA52 detector with additional par-
ticle identication capabilities. They are also used for vetoing light particles to limit the
data-rate to the data acquisition system to an acceptable level, see Sect. 2.9 about the
trigger. Fig 2.3 gives a schematic view of a threshold

Cerenkov counter.
PMGas Control Unit
W
in
do
w
W
in
do
w
11 m
Mirror
12cm
Figure 2.3: A schematic picture of a threshold

Cerenkov counter.
In 1994 there were two counters

C1 and

C2. For the 1995 run a new counter

C0 was
installed in front of

C1, sharing the pressure control of

C1, but with individual readout.
These counters can be operated with nitrogen or helium as a lling gas. In NA52 only
nitrogen has been used. Pressures between 30 mbar and 3 bar can typically be used.
The mirror in these counters is 25 m or less of aluminium or aluminized mylar. The
entrance and exit windows are made of 150 m of mylar. The length of

C0,

C1 and

C2
are 11.48 m, 11.00 m and 11.00 m respectively.
The index of refraction in a gas depends on the gas pressure, so by adjusting the pressure
one can select which particles will emit light in a

Cerenkov detector. The threshold
pressure P
T
for a particle with mass m and momentum p can be computed from
P
T
=
(m=p)
2
(m=p)
2
+ 3
 P
K
; (2.1)
where P
K
is a constant given by P
K
= P
0
(n
2
0
+2)=(n
2
0
 1) [28]. Here n
0
is the index of re-
fraction at the reference pressure P
0
. The threshold pressure formula can be approximated
to
P
T
=
m
2
P
0
2
0
p
2
; (2.2)
where 
0
= n
0
  1 in the limit n
0
 1 and m=p 1. The threshold pressure as a function
of the rigidity R = p=z is shown in Fig. 2.4.
2.5 The CEDAR
Any charged particle moving faster than the threshold speed through a

Cerenkov detector
emits

Cerenkov light in a characteristic cone. In a dierential

Cerenkov counter only
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.
the light from particles within a adjustable velocity interval is selected to give a signal.
Typically the signal is used for tagging particles. This is accomplished by focusing the
cone of

Cerenkov light to a ring with a spherical mirror and then selecting particles with
a certain value of  depending on the ring radius. An adjustable circular diaphragm is
used to restrict the ring radius in the

Cerenkov Dierential counter with Achromatic Ring
Focus (CEDAR) available in NA52, see Fig 2.5. It contains a 6.027 m long helium lled
vessel, which can be set to pressures between 10.175 bar and 15 bar. Windows with a
diameter of 100 mm made out of 0.4 mm thick aluminium alloy (AFNOR) provide for
entrance and exit of the beam. A detailed description of the CEDAR can be found in
[29].
2.6 The calorimeter
The last NA52 detector is a compensating hadron calorimeter (CALO) situated at the
end of the H6 beamline at 535.8 m from the T4 target
2
. It was built by the ZEUS
collaboration [30] and it has been slightly modied for use in NA52. It measures the
energy of the traversing particles, but it can be used to identify particles as well through
the fact that the shower distributions of electrons, muons and hadrons are dierent. The
calorimeter can also be used for charge measurements.
The transverse dimensions of the calorimeter are 60 cm * 60 cm. In the longitudinal
direction it consists of ve modules, four are 1.5 interaction lengths long and one is 1.1
interaction length long, see Fig. 2.6. The rst four modules consist of a 45 times repeated
structure of 3.2 mm thick depleted uranium absorber plate, 0.2 mm thick steel plate and 3
mm thick scintillator plate. The fth module has 30 repeated layers consisting of 3.2 mm
2
The calorimeter was moved upstream in 1997 to 521.6 m from T4.
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Figure 2.5: A schematic picture of a CEDAR.
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Figure 2.6: The calorimeter.
thick depleted uranium plate, 0.2 mm thick steel plate and 5.0 mm thick scintillating
plate. All scintillators are horizontally segmented into twelve 5 cm wide rows. On the left
and right side the scintillator plates are connected in groups of three to one wavelength
shifter which directs the light to a 56AVP/DVP photomultiplier tube. The analog signals
are fed into LeCroy 4300B FERA ADC units. A motorized table supports the calorimeter
allowing for centering of the calorimeter vertically in the beam.
The steel plates are used for reducing the signal in the scintillator plates from the natural
radioactive decay of the uranium. This uranium noise (UNO) signal is used for calibration
of the calorimeter. It is continuously integrated to measure gain variations in the electronic
read out chain. Each module of the calorimeter has been individually calibrated with a
50 GeV/c electron beam [28]. This measurement together with the UNO signal allows for
the dynamic calibration of the calorimeter. The electromagnetic energy resolution of the
calorimeter is measured to be

em
E
=
0:174 0:019
q
E=GeV
 (0:009 0:004) (2.3)
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and the hadronic energy resolution is

had
E
=
0:357 0:001
q
E=GeV
 (0:028 0:002): (2.4)
2.7 The quartz counter
TOF0 is a

Cerenkov counter which is used to measure the intensity of the primary lead
beam and to make the rst time measurement for the time of ight t, see Fig. 2.7 and
Fig. 2.8. It consists of a 0.4 mm thick quartz disc with a diameter of 12.7 mm and it is
segmented into four quadrants. The

Cerenkov light is read out from each quadrant with
0.4 mm thick quartz bres which are connected to XP2020Q photomultiplier tubes. The
four amplied signals are then transferred over 320 m of optical cable by using 4 channels
of a 12 channel Mach-Zehnder modulator to modulate the light coming from a laser. A
detailed description of the optical link is found in [28]. This setup was changed in 1995 to
use individual laser diodes instead of the Mach-Zehnder modulators. The optical signal
is detected with PIN diode receivers and 4 fold demultiplexed to decrease the rate per
channel. Rates of up to  10
8
ions per second are acceptable. The signals are then fed
into 16 ADCs and 16 TDCs. The complete detector has a double pulse time resolution of
7 ns.
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Figure 2.7: The target region in 1994.
2.8 The target instrumentation
All target stations contain a standardized set of equipment, which is meant for studying
the beam upstream and downstream of the target stations. Four boxes called BSI-Ti,
BSMH/V, TBIU and TBID contain the instrumentation around the T4 target, see Fig.
2.9 as well as Fig. 2.7 and Fig. 2.8. These boxes contain Secondary Emission Monitors
(SEM) of dierent shapes. They are thin aluminium or titanium foils used for measuring
the absolute intensity of the beam. The SEMs were calibrated for protons in the spring
of 1996 to an accuracy of 3% [31].
BSI-Ti is a complete titanium foil for intensity measurements, located 53.9 m upstream
of T4. All other SEMs are made of aluminium.
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Figure 2.9: Arrangement of SEM foils in the BSI-Ti, BSMH/V, TBIU and TBID boxes
in the T4 region. TBIU stands for Target Beam Instrumentation Upstream and TBID
stands for Target Beam Instrumentation Downstream.
BSMH/V is a split foil station, located 25.9 m upstream of T4 for measuring the left-right
and up-down symmetry of the incident beam.
The TBIU instrumentation box is located 0.525 m upstream of T4, while TBID is locat-
ed 0.475 m downstream of T4. They are both laterally movable for following the beam
adjustments made with the wobbling magnets B1T and B2T. Both TBIU and TBID con-
tain complete foils, which are used to monitor the intensity of the primary and secondary
beam. BSI-U is in the upstream box and BSI-D is in the downstream one. Both boxes
contain a BSPH split foil, but TBIU contains also a BSPV split foil.
SEM prole scanners BBSTH-V, are also provided in the TBIU box. They consist of thin
strips which can be scanned across the beam in steps as ne as 0.05 mm in both planes,
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Target l / mm d / mm
Pb 16.0 20
Pb 2.0 20
Pb 0.5 20
Empty
Pb 4.0 20
Cu 2.3 20
Al 4.2 20
Table 2.1: The lengths and diameters of
the targets in target ladder 1 during 1994
and 1995.
Target l / mm d / mm
Pb 1.0 20
Pb 2.0 20
Pb 0.5 20
Empty
Pb 4.0 20
Pb 8.0 20
Pb 16.0 20
Table 2.2: The lengths and diameters of
the targets in target ladder 1 from 1996
onwards.
Target w / mm h / mm l / mm
Empty
Be 160 2 300
Be 160 2 500
Be 160 2 200
Be 160 2 100
Pb 120 10 40
Table 2.3: The widths, heights and lengths of the targets in target ladder 2.
thus allowing to measure the beam spot size at the target. Additionally TBIU contains
two SEMs with a hole in the middle, which allows to study the beam halo.
The available targets are contained in two motorized target ladders TL1 and TL2, see
Tab. 2.1, 2.2 and Tab. 2.3. The two target ladders are shown schematically in Fig. C.1,
C.2 and C.3. TL2 is the standard T4 target containing beryllium targets of dierent
lengths and a 40 mm long lead target. TL2 has been added for the purposes of NA52
and it contains lead targets of dierent lengths and a copper and an aluminium target as
well. In 1996 the copper and aluminium targets were replaced by lead targets of length
1 mm and 8 mm. For the data taking during '94-'96 only the lead targets and the empty
targets have been used.
A scintillator counter segmented into four quadrants with a hole in the centre was installed
in 1994 and 1995 between TL1 and TL2 to provide information about the multiplicity
of the interactions. In 1996 the simple scintillator was replaced by a quartz bre-lead
calorimeter segmented into eight sectors [32].
2.9 The trigger and data acquisition
Due to the long distances involved in NA52 the experiment has been split into two in-
dependent data acquisition systems, where the upstream part TOF0{W3T is called A
and the downstream part CEDAR{CALO is called B. Part A and part B have their own
independent local triggers. The local trigger for A (TRIGA) is dened by the coincidence
B1TOF2, where TOF2 stands for a logical OR of all slabs of the counter. The signal from

C1 can be included in anticoincidence in TRIGA to suppress light particles. Similarly
the local trigger B is dened by the coincidence B2TOF4, where

C2 can be included
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if wanted. The global trigger can be chosen by requiring only TRIGA, only TRIGB or
TRIGATRIGB.
In the strangelet search light particles such as electrons and pions form a large non-
interesting background, so they are suppressed with the help of a

Cerenkov counter which
is included in anticoincidence in the trigger, typically TRIGA = (B1TOF2)

C1. A special
logic turns periodically o the anticoincidence signal at a rate of 90 Hz so that the natural
particle spectrum is recorded for calibration purposes. Approximately 500 particles are
taken during each spill without the

Cerenkov veto. This suppression of unwanted particles
is called prescaling. One can still compute the natural abundances of light particles
because the prescaling factor is measured.
There are two dierent minimum requirements for the particle lifetime t
lab
, that are posed
by the trigger. Using TRIGATRIGB as the global trigger requires that the particles
survive at least until B2, so t
lab
= 1:69s. If only TRIGA is required in the global trigger
this minimum requirement is 0.89 s up to B1. Usually in the analysis software one asks
for the particles to be seen in TOF3 or TOF5. This requires a lifetime of 1.22 s to TOF3
or 1.75 s to TOF5.
The front end electronics is housed in NIM (Nuclear Instrument Module) and CAMAC
(Computer Automated Measurement and Control Standard) crates situated in the elec-
tronic huts BX80 for part A and in HNA447 for part B. Each subsystem is controlled
by a VME MVME167
3
computer which runs under OS/9. This reads the data spill by
spill to a local VME memory from two dierent dual port VME memory modules (RMH
VME for wire chamber data and HSM VME for the other detectors) where the detector
data is transferred for each triggered event. On the VME systems several client-server
processes are continuously running to read and write the data and to monitor and con-
trol the equipment. A copy of the BX80 front end buer is transferred with tcp/ip over
a private Ethernet segment to the OS-9 system in HNA447, where a process called the
"event builder" merges and writes all the event and spill information from the detectors,
the scalers, the beamline and the SPS Nodal-system to a circular rst in rst out (FIFO)
VME memory buer called the "endless tape". Data from the "endless tape" are read
by a tape logger, which writes the data to 8 mm EXABYTE 8500 tapes. The "endless
tape" information is also read by processes used for calibration, online monitoring of the
detector equipment and online reconstruction.
A maximum le length of 200 MB is used when writing to tape, in order to minimize
losses in case of tape problems. Depending on the event size there are between 100 k and
400 k events in such a le, which is called a run.
3
VME = Versa Module Eurocard
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The TDC measurements are used for measuring the masses of the particles in the beamline
through the following steps. The TDC counts are converted to ns by the help of a 100 MHz
calibration clock. The clock pulses are recorded between spills and during calibration
events taken during spills. A linear t to the calibration peaks in the TDC spectra
provides for the conversion factor from TDC counts to ns. The absolute time measured
by a TDC channel is unphysical in itself because it depends on time delays introduced by
the electronics and cabling, but the time dierence between a particle and a known fast
particle with mass m
0
, velocity 
0
and momentum p
0
is a physically meaningful quantity.
Each counter included in the TOF t provides a pair of numbers (L
i
;t
i
), where L
i
is the
TOF distance between the counter and the corresponding trigger counter and t
i
is the
dierence in time with respect to the known calibration particle. These measured points
can be included in a linear least square t to extract the line slope a, a =
t
L
. The slope
parameter is related to the velocity dierence between the particle and the calibration
particle according to
a =
1
c
 
1

 
1

0
!
; (3.1)
The slope extracted from the t can then be used to compute the mass to charge ratio of
the particle from the expression

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Here p=z is the rigidity of the beamline, which is set by the choice of the currents in the
beamline magnets. This equation simplies in the ultra-relativistic limit to the formula

m
z

2

2
c

p
z

2
a: (3.3)
The goodness of the TOF t is computed from the 
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Figure 3.1: This is an example of the result of a TOF-t. This event can be interpreted
as a
3
He nucleus.
where b is the intercept of the tted line with the time axis, 
t
i
is the intrinsic time
resolution of the i:th counter and N
TOF
is the number of available TOF hits. An example
of the result of such a t is shown in Fig. 3.1.
The scintillator counters also provide for the charge determination through the energy
loss measured by the ADC pulse height. The mean energy loss of a particle traversing a
medium can be calculated from the Bethe-Bloch formula [33]:
 
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= 
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where E
m
is the maximum energy that can be transferred to a free electron in a collision,
x is the thickness, I is the mean ionization potential of the medium, Æ is the correction
for the density eect and the parameter  is given by  = 2r
2
e
m
e
c
2
z
2
N
A
Z=(
2
A); where
c is the speed of light, z is the charge of the moving particle N
A
is Avogadro's number,
Z,  and A are the atomic number, the density and the mass number for the medium.
The symbol r
e
is the classical radius of the electron, r
e
= e
2
=(4
0
m
e
c
2
): The dierential
energy loss is proportional to the squared charge of the particle. This can be be used to
measure the charge of a particle. But the energy loss is a statistical process, with large
deviations from the mean value. For thin targets the probability density function (pdf)
describing dierential energy loss has a long tail for big values of the energy loss and it
was rst computed by Landau [34].
Besides the statistical uctuations there is additional variation of the pulse heights be-
cause of so called grazing shots where a particle hits the aluminium and plastic wrapping
between two scintillating slabs in the TOF planes and gives a smaller than normal signal
in the scintillator slab. Several dierent methods for charge determination have been
tried in NA52, but the best one is the cluster method which is developed and described
in detail in [35].
If a particle travels along the full length of the H6 beamline, then there are a maximum
of eight scintillator planes TOF1-5, B0-2 which measure the dierential energy loss. This
redundancy can be used to limit the eects of statistical uctuations and of grazing shots
by sorting the energy loss values and searching for a cluster of nearby measurements. A
cluster consists of the two pairs of measurements, which have the smallest and second
smallest energy loss dierence. The charge of the particle is then computed from the
energy loss values in the cluster with
z =
1
N
cluster
N
cluster
X
i=1
q
 dE=dx : (3.6)
The energy measurement provides redundancy in the mass measurement through
m = E
q
1  
2
=c
2
; (3.7)
where  is obtained from the TOF t, but this has not been used in practice. The
hadron calorimeter can also be used to provide redundancy in the charge measurement
by combining Eq. (3.2) and Eq. (3.7). Then the following expression for the charge is
obtained
z =
E
Rc
1
ac+ 
 1
0
; (3.8)
where R is p=z or the rigidity of the particle.
The wire chambers W1-5T, W2-3S are used for identifying or rejecting double or multiple
tracks in the spectrometer. They are also used for comparing the measured beam proles
with the simulated ones to check the Monte Carlo model of the H6 beamline. The wire
chambers are also used for tracking charged particles through the spectrometer [28].
By combining the information of the TOF mass t, the tagging from the

Cerenkov coun-
ters, the energy measurement and the charge measurement a reliable particle identication
is obtained, which is used to compute invariant dierential production cross sections. If
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the invariant dierential production cross section is written in spherical coordinates for
particles with energy E and momentum p then
E
d
3

dp
3
= E
d
3

p
2
dpd

(3.9)
This can further be written as Ed
3
=(p
3
(dp=p)d
). The quantity (dp=p)d
 can be iden-
tied as the acceptance of the detectors in the beamline. Denoting the acceptance with
, we have then
 = d

dp
p
= d
Æ; (3.10)
where Æ is is the fractional momentum deviation with respect to the central design mo-
mentum of the beamline. With this notation we get
E
d
3

dp
3
= E
d
3

p
3

: (3.11)
The invariant dierential production cross section can then be computed from
E
d
3

dp
3
=
N
S
N
I




1
n  

E
p
3
; (3.12)
where N
S
= the number of observed secondary particles, N
I
= the number of incident
lead ions, n = the number of target nuclei per unit area and  accounts for the absorption
of the incident ions and the secondary particles in the production target. It also takes
into account the absorption of secondary particles in the beam spectrometer as well as
the trigger and reconstruction eÆciencies. To correct for particles not coming from the
production target itself a correction factor  was derived from runs without a target [36].
The precision to which  is known contributes to the systematic error of the cross sections.
An accurate determination of  is therefore very important. Computation of  requires
a detailed knowledge of the H6 beamline.
Chapter 4
The CERN SPS as a Pb-accelerator
The CERN SPS was used as a lead accelerator for the rst time in 1994. It is capable
of accelerating fully stripped lead ions to a momentum of 158 GeV/c per nucleon. This
was accomplished by building a new ion source and a new linac, which feeds the CERN
PS Booster as well as by upgrading equipment in the SPS and the injection chain to
cope with the low intensity and low velocity of the lead ions. A third major task was the
improvement of the vacuum of the injector chain to reduce losses due to charge exchange
reactions between the partially ionized ions and residual gases.
There are ve major elements of the acceleration chain for lead ions in the CERN accel-
erator complex. Fig. 4.1 shows the components of this accelerator chain. It begins with
the electron cyclotron resonance (ECR) ion source, which works in pulsed afterglow mode
[37]. The delivered current has been increased to 120 A of
208
Pb
27+
[38]. The lead ions
are emitted from the ion source with an energy per mass of 2.5 keV/u. Isotopically pure
208
Pb is fed into the ion source, but it is possible in principle to use the momentum ana-
lyzer, which has a momentum resolution of Æ = 3=1000, behind the ion source to provide
isotope separation if needed [38].
At the end of Linac3 the kinetic energy of the ion beam is 4.2 MeV/u. An output current
of 90 A was reached in 1995 [38]. A carbon foil of thickness 100 g/cm
2
strips the ions
to charge state
208
Pb
53+
[39].
The lead ions are then directed to the PS Booster (PSB), which is a set of four stacked
synchrotrons feeding the CERN PS. It accelerates the ions to 95.4 MeV/u.
The CERN PS ejects the lead ions at 4.25 GeV/u [40]. During the transfer of the lead
beam from the PS to the SPS the lead ions are fully stripped to
208
Pb
82+
with a thin
aluminium foil [41]. The foil thickness is a compromise between beam blowup and strip-
ping eÆciency. By using several dierent thicknesses an optimum value of 1 mm has been
determined [42].
The SPS then provides the nal acceleration to 158A GeV/c. The lead beam is then
extracted to the experimental areas. In 1994 an extraction time of 5.1 s was used whereas
in 1995 the extraction time was changed to 4.8 s. A typical example of the acceleration
stages in the SPS is shown in Fig. 4.2.
The lead beam in 1994 had a bad spill structure because of the SPS beam time structure
consisting of 2 s bunches every 5 s. This time structure led to very high instantaneous
rates at the target stations even after debunching the beam before extracting, because
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Figure 4.1: A schematic picture of the CERN accelerators, which are used to produce the
lead beams [38].
of correlation of momentum and time. This time structure was very much improved in
1995 by introducing an intermediate at top during which the beam was debunched and
recaptured before the nal acceleration in the SPS [42]. This additional at top is labelled
"C" in Fig. 4.2.
4.1 The primary ion beam
The design value of the intensity of 5  10
7
ions / spill has been exceeded and in 1995 an
intensity of 2:7  10
8
ions / spill was reached [43]. The nominal energy resolution Æ of the
lead beam from the SPS is 10
 3
[37].
The size of the incident lead beam on the T4 target was measured in 1994 and 1995 [44].
These values are shown in Tab. 4.1. The shape and size of the extracted beam depends
on the sharing between the North Area target stations.
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Figure 4.2: The lighter curve shows a measurement of the lead beam intensity in the SPS
and the darker curve shows the magnet cycle in the SPS for lead-ions from the 20th of
Nov. 1996 during one spill. The dierent steps in the magnet cycle are A=injection from
PS, B=acceleration, C=debunching and recapture, D=acceleration and E=extraction at
158A GeV/c.
year x / mm y / mm
1994 1.6  0.3 1.2
1995 2.6  0.3 1.9
1996 2.7
Table 4.1: The FWHM in mm of the lead beam spot size at TOF0 in 1994, 1995 and
1996. The vertical spot-size and the error on the horizontal spot-size in 1996 were not
measured.
Chapter 5
DECAY TURTLE
DECAY TURTLE (Trace Unlimited Rays Through Lumped Elements) is a Monte Carlo
program for simulating charged particle beam transport systems [45]. There are quite a
few dierent versions of TURTLE in use and available from dierent experiments. Each
version has been adapted to the particular needs of the corresponding experiment, so that
dierent features are available in dierent versions. Some of the dierent versions are listed
in Appendix D. DECAY TURTLE was modied by H. Atherthon and his undocumented
version is in use in the CERN SL/EA group and is called EBS TURTLE. The version
of TURTLE that is used in NA52 (and NA56) is a further modied version of EBS
TURTLE. There are other programs like TURTLE available, with dierent strengths and
weaknesses. One advantage of TURTLE is that it is rather easy to port to any computer,
but it is not easy to use since it lacks the menu based user interface found in some recent
programs [46]. Portability is an important issue for any software, already in the course of
this work TURTLE has been used on three dierent operating systems.
A charged particle moving in electromagnetic elds interacts with the elds through the
Lorentz force
F = q(E+ v B): (5.1)
Usually time is an uninteresting parameter in the study of charged particle beamlines so
one eliminates it from the equations of motion by introducing the distance T that the
particle has travelled on its trajectory as the independent variable. Neglecting any electric
elds the equations of motion take the form:
d
2
T
dT
2
=
q
p
dT
dT
B; (5.2)
where T is the vector describing the position of the particle [47]. The rst order solution
to this equation can be expressed in a matrix formulation where each magnetic element is
represented by a 66 matrix R. The position and direction of movement of each particle
is represented by a six-dimensional vector X as a function of T ,
X =
0
B
B
B
B
B
B
B
B
@
x
x
0
y
y
0
l
Æ
1
C
C
C
C
C
C
C
C
A
: (5.3)
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In TURTLE a local coordinate system is used which is dened with respect to a central
trajectory following the theoretical axis of the beam elements. This local right-handed
coordinate system is dened by the unit vectors
^
x;
^
y and
^
t. The unit vector
^
t is tangent
at any point to the velocity v
0
of a particle coming from the production point with the
nominal set of initial parameters. The coordinates x and y are the transverse displace-
ments with respect to the ideal trajectory at the longitudinal position of the particle.
The x
0
is the angle between the velocity and the t-axis in the (
^
x;
^
t)-plane and y
0
is the
angle between the velocity and the t-axis in the (
^
y;
^
t)-plane. The symbol l stands for
the dierence in path length between the particular trajectory and the central trajectory.
The last quantity, Æ was introduced earlier in Chapter 3, as the fractional momentum
deviation (p   p
0
)=p
0
with respect to the central design momentum p
0
of the beamline.
Usually one measures x and y in mm and the corresponding angles in mrads. The unit
of Æ is %.
In this matrix formalism tracking consists of taking a particle with an initial set of phase
space coordinates contained in a six-dimensional vector X
0
and multiplying this vector by
the transfer matrix corresponding to the rst element in the beamline to take it through
this element. The resulting vector is then multiplied by the next transformation matrix
and this process is repeated until the particle is stopped by something (e.g. a magnet
aperture) or reaches the end of the beamline. Tracking is reduced to a series of matrix
operations in this formalism. The idea can be extended to second and third order as well.
In TURTLE one can choose between a rst order or a second order calculation. In the
case of second order eects the size of the matrices becomes 6 6 6.
The input to TURTLE is given through a le which consists of keywords followed by pa-
rameters for each element found in the beamline and commands related to the simulation
itself. The program can for example be instructed to compute second order magnetic
and geometric eects if the user enters a command for this in the input le. From the
parameters given, TURTLE computes the corresponding transformation matrices for each
element.
The properties of a beamline can be studied with TURTLE by introducing commands in
the input le which draw one- or two-dimensional histograms at the requested position.
The most often used variables are x; x
0
; y; y
0
and Æ. In the original version of TURTLE
the histograms are drawn only with ASCII characters in the TURTLE output le.
In the NA52 version of TURTLE the graphics is a bit easier to read because the his-
tograms are lled not only with the native TURTLE routines, but also with the HBOOK
histogramming package [48]. The user can also request the coordinates that are his-
togrammed to be written to a HBOOK ntuple le, so that correlations between the chosen
variables can be studied with any program which reads HBOOK les.
Histograms can be dened as agged in TURTLE, which means that entries are made
into this kind of histograms only if the corresponding particles reach the position in the
beamline where the user dened the ag to be. This is a useful feature which allows
one to simulate a trigger condition. This feature is also useful in the calculation of the
acceptance of a beamline.
The only processes that DECAY TURTLE can simulate besides tracking is two body
decays and multiple scattering. This means that DECAY TURTLE has to be modied if
one wants to simulate processes involving nuclear- or electromagnetic interactions.
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5.1 The input phase space distribution
DECAY TURTLE contains a phase space generator, which in the EBS version is optimized
to describe pBe interactions. It is important to use a phase space generator, which matches
the phase space distribution that needs to be simulated to enable detailed comparisons
with measured beam proles. The input phase space to TURTLE can be produced with
any suitable phase space generator and read from a le. This makes it easy to simulate
arbitrary initial phase space distributions.
Most of the time Gaussian distributions were used for x and y while a uniform distribution
was used for x
0
, y
0
and Æ, because this yielded a better match to the measured beam proles
than the EBS TURTLE intrinsic generator. The quality of the random number generator
that is used in any Monte Carlo computation is an important factor to consider. Some
old generators of uniformly distributed random numbers have short periods or points
distributed along hyper-planes [49]. Old generators like RANF and RNDM are now
considered obsolete [50]. Calls to RANF and RNDM were therefore changed to RANMAR
[51].
5.2 Multiple scattering
Multiple scattering can be parametrized in several ways. The EBS TURTLE uses the
Rossi-Greisen [52] formula. This formula is known to have a precision of about 30 %
[33], which is not good enough for the purposes of this work. Instead of undertaking
the considerable task of reimplementing and debugging the full Moliere theory [53] in
TURTLE, a simpler approach was used. The Gaussian approximation to the multiple
scattering formalism, with an accuracy of 2 % or better suggested by Lynch and Dahl [54]
was implemented in TURTLE.
The Moliere theory is parametrized in terms of a critical angle 
c
and a screening angle

a
. These two angles can be computed for compounds and mixtures with the following
formulas:

2
c
= 4m
2
e
c
4
r
2
e
z
2
Z
S
W
N
A
l
(pc)
2
; (5.4)
where m
e
is the electron mass, c, is the speed of light, r
e
is the classical electron radius,
z is the charge of the scattered particle, N
A
is the Avogadro constant,  is the density, l
is the length of the material, p is the momentum of the particle and  is the speed of the
particle in units of c. The eective squared charge Z
S
is computed from the sum
Z
S
=
N
X
i=1
n
i
Z
i
(Z
i
+ 1); (5.5)
where the index i runs over the dierent elements in the compound or molecule, n
i
is the
number of each type of atoms and Z
i
is the atomic number. The eective atomic mass
W is computed from the sum,
W =
N
X
i=1
n
i
A
i
; : (5.6)
where A
i
is the atomic mass. For each element the screening angle is computed from the
formula

2
a
= 2:007  10
 11
Z
2
3
i
(1 + 3:34(Z
i
z=)
2
=p
2
; (5.7)
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where p is assumed to be in units of GeV/c and  is the ne structure constant. An
eective screening angle can be computed with the formula [53]
ln(
2
a eff
) =
N
X
i=1
n
i
Z
i
(Z
i
+ 1) ln(
2
a
)=
N
X
i=1
n
i
Z
i
(Z
i
+ 1): (5.8)
Lynch and Dahl [54] have proposed the following empirical formula to approximate the
Moliere distribution with a Gaussian distribution.

2
=

2
c
1 + F
2

1 + v
v
ln(1 + v)  1

; (5.9)
where

 = 
2
c
=
2
a eff
(5.10)
and
v = 0:5


1:0  F
: (5.11)
Eq. (5.9) is given correctly here. In the corresponding equation in [54]  should actually
read 
2
. The parameter 
 can be interpreted as the mean number of scatters. F represents
the fraction of the Moliere distribution, which is considered, typically it should be in the
range 0.9{0.995. Here  is the width of the Gaussian distribution, which represents the
projected multiple scattering angle.
The lateral shift is simulated using the formulas given in [33].
In a typical tracking Monte Carlo model the computations are performed over very short
track segments. The minimum track length can usually be chosen by the user as a com-
promise between accuracy and computation time. The most important requirement here
is that the end result should be independent of the detailed way in which the steps are
chosen in any homogeneous piece of material. It is not recommended to use a tted
approximation to the Moliere theory with small step sizes, when simulating multiple scat-
tering, because this will underestimate the results. In TURTLE all described materials
are simulated in one step, without tracking with small step sizes over each piece of homo-
geneous material, so one can however expect to have a reasonable accuracy using a tted
approximation to the Moliere theory.
The momentum range in which the H6 beamline can transport particles can be divided
into three dierent regions with respect to the eects of multiple scattering. At 200
GeV/c the eects of multiple scattering are so small that they can be neglected. In the
region 20-100 GeV/c the multiple scattering can be seen clearly. The third region is below
20 GeV/c, where multiple scattering is a strong eect.
5.3 Magnet apertures
TURTLE has only three dierent shapes of magnet apertures, namely elliptical (circular),
rectangular and hyperbolical. The standard inner diameter of the vacuum pipe is 156 mm.
This is larger than most of the magnet apertures, so they are in most of the cases the
limiting apertures which dene the acceptance. It is therefore of uttermost importance
that the shapes of the used magnets are simulated to a high precision.
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Figure 5.1: The new slit which represents
MSN and MCA dipole apertures in TUR-
TLE.
Figure 5.2: The new slit which represents
QTS and QTL quadrupole apertures in
TURTLE.
Some of the magnets found in the H6 beamline have apertures which cannot be adequately
represented by the standard TURTLE apertures. For this reason two new slits were
dened that can be used to simulate the magnet aperture of MSN and MCA dipole
magnets and QTS and QTL quadrupole magnets. The shape of these slits are shown in
Fig. 5.1 and 5.2.
5.4 Simulating magnet misalignments
TURTLE lacks an explicit provision to simulate magnet misalignments, even though
magnet misalignments are possible in TRANSPORT[55, 56]. The eects of misaligned
magnets have been considered in several papers from rst order to third order eects
[57, 58, 59]. Since DECAY TURTLE performs calculations to rst or second order only,
it was natural to use the rst order magnet misalignment formalism developed by Brown
et al. in [57].
The basic idea is to use a coordinate transformation to go from an assumed aligned
reference coordinate system to a local misaligned coordinate system for each misaligned
magnet. The transfer matrices are then computed in the misaligned system and the
resulting ray is then transformed back to the aligned reference coordinate system.
The symbols X(0) and X(1) represent the entrance and exit face ray coordinates in the
aligned coordinate system. We use a subscript f to denote the ray coordinates X
f
(0) and
X
f
(1) in the misaligned reference coordinate system aligned with the magnet entry and
exit face. The misalignments are described by the vector m.
In this notation the misalignments are simulated with the following algorithm:
1
Æ
At each magnet face entry compute
X
f
(0) = X(0) A
0
m+ B
0
X(0)m.
2
Æ
Then transport the ray through the element by calculating
X
f
(1) = RX
f
(0).
3
Æ
At each exit face the transformation to the aligned system is done with
X(1) = X
f
(1) +A
1
m  B
1
RX(0)m.
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The misalignment vector m has the components
m =
0
B
B
B
B
B
B
B
B
@
Æ
x

x
Æ
y

y
Æ
z

z
1
C
C
C
C
C
C
C
C
A
; (5.12)
where Æ
x
, Æ
y
, and Æ
z
are the displacements in x, y and z. The angles 
x
, 
y
, 
y
are the
rotations about the x, y and z coordinate axes respectively.
The rst order eects are described by the matrices A
0
and A
1
.
A
0
=
0
B
B
B
B
B
B
B
B
@
1 0 0 0 0 0
0 0 0 1 0 0
0 0 1 0 0 0
0  1 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 0
1
C
C
C
C
C
C
C
C
A
: (5.13)
B
0
and B
1
describe the bilinear eects. They have the following forms (corrected for the
printing errors found in [57]). The nonzero components of B
0
are:
B
125
= B
345
= 1;
B
136
= B
246
=  B
316
=  B
426
= 1;
(5.14)
where the rst two indices refer to ray coordinates and the third index refers to the
components of the misalignment vector. This is a compact way of saying that there are
matrices C
k
, where the elements of C
k
are given by the components B
ijk
of B
0
or B
1
, so
that B
0
m should be interpreted as the matrix sum
P
6
i=1
C
i
m
i
. The expression B
0
X(0)m
can then be computed in component form from (B
0
X(0)m)
i
=
P
6
j=1
P
6
k=1
(B
0
)
ijk
x
j
m
k
.
For horizontally and vertically focusing quadrupoles A
1
is
A
1
=
0
B
B
B
B
B
B
B
B
@
1 0 0 L 0 0
0 0 0 1 0 0
0  L 1 0 0 0
0  1 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 0
1
C
C
C
C
C
C
C
C
A
(5.15)
and B
1
= B
0
, where L is the length of the magnet.
For horizontal bending magnets A
1
is
A
1
=
0
B
B
B
B
B
B
B
B
@
cos 0 0  sin sin 0
0 0 0 1 0 0
0   sin 1 0 0  (1  cos)
0   cos 0 0 0   sin
  sin 0 0  (1  cos) cos 0
0 0 0 0 0 0
1
C
C
C
C
C
C
C
C
A
; (5.16)
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where  is the radius and  is the angle. The nonzero components of B
1
are:
B
121
= B
341
=   sin;
B
124
= B
344
=  (1  cos);
B
125
= B
345
= cos;
B
132
= B
242
=  B
312
=  B
422
=   sin;
B
136
= B
246
=  B
316
=  B
426
= cos:
(5.17)
For vertical bending magnets A
1
is
A
1
=
0
B
B
B
B
B
B
B
B
@
1 0 0  sin 0  (1  cos)
0 0 0 cos 0   sin
0   sin cos 0   sin 0
0  1 0 0 0 0
0  (1  cos) sin 0 cos 0
0 0 0 0 0 0
1
C
C
C
C
C
C
C
C
A
; (5.18)
where  is the bending radius and  is the bend angle. The nonzero components of B
1
are:
B
122
= B
342
=  (1  cos);
B
123
= B
343
= sin;
B
134
= B
244
=  B
314
=  B
424
= sin;
B
125
= B
345
= cos;
B
136
= B
246
=  B
316
=  B
426
= cos:
(5.19)
These formulas simplify considerably in the case of the H6 beamline because Æ
z
and 
z
were not measured by the surveyers and they can be assumed to be equal to zero, except
for two magnets which have non zero values for 
z
. Computing typical values of the
remaining nonzero bilinear terms, it can be seen that they are much smaller than the rst
order terms and they can therefore also be neglected in the present case. In the limit
lim
!0
 = L (5.20)
the A
1
matrix for horizontal and vertical dipole magnets is equal to the A
1
matrix for
horizontal and vertical quadrupoles. The bend angles in H6 range from 3.963 mrad to
12.6 mrad, which justies this approximation.
With these simplications the eect of a misaligned magnet can be represented by the
constant vector A
0
m at the magnet entrance face and by the constant vector A
1
m at the
magnet exit face. The components of these vectors are:
A
0
m =
0
B
B
B
B
B
B
B
B
@
Æ
x

y
Æ
y
 
x
0
0
1
C
C
C
C
C
C
C
C
A
: (5.21)
A
1
m =
0
B
B
B
B
B
B
B
B
@
Æ
x
+ L
y

y
Æ
y
  L
x
 
x
0
0
1
C
C
C
C
C
C
C
C
A
: (5.22)
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The angles 
x
and 
y
were not directly measured by the surveyers, but they are computed
from the formulas
sin(
x
) =
Æ
y
(0)  Æ
y
(1)
L
(5.23)
and
sin(
y
) =
Æ
x
(1)  Æ
x
(0)
L
; (5.24)
where the argument (1) represents the exit face and the argument (0) represents the entry
face of the magnet.
These vectors representing transverse displacements and rotations about the transverse
coordinate axes can be directly used through the beam shift command found in TURTLE.
5.5 Simulating the beam steering
Using the measured magnetic elds (currents) in TURTLE accounts for a correct descrip-
tion with respect to the focusing properties of the quadrupoles and of the dispersion of
the bending magnets. But the rst and second order formulas used in TURTLE are such
that any change in the strength of a bending magnet will not be seen as a change in
the beam centroid because the zeroth order terms are all neglected. In the case of a real
beamline the bend angles are xed in real space and any steered bending magnet will shift
the beam centroid, of course. This eect will make the central trajectory discontinuous
between the dierent magnetic elements. To be able to simulate the eects of steered
bending magnets a new type code has been implemented in TURTLE.
The algorithm for computing the eects of steering is the following:
1
Æ
Use the measured elds in the TURTLE magnet cards.
2
Æ
Correct the components of the ray for the steering behind each bending magnet.
The corrections due to a steered horizontal rectangular bending magnet have been derived
in Appendix B. The correction formulas for a horizontal positive dipole are:
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where 
ct
is the bending radius of the central momentum for the nominal eld and  is
the bending radius of the central momentum for the actual used magnetic eld. All other
ray components are unaected. The most signicant term is actually the rst term in the
angular part.
The corrections due to a steered vertical rectangular bending magnet are almost the same,
the signs dier however due to the dierent convention for a positive vertical dipole:
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where 
ct
is the bending radius of the central momentum for the nominal eld and  is
the bending radius of the central momentum for the actual used magnetic eld. All other
ray components are unaected.
The actual bending radius for the preceeding magnet is computed from the eld actually
used and the length is taken to be the length of the magnet as specied.
5.6 Hadronic interactions in the spectrometer
A particle traversing the H6 beamline can interact strongly with the material it encounters
in the beamline. This eect leads to corrections of the order of 10 % to the number of
transmitted particles in H6, so clearly it needs be corrected for. The eect can very easily
be incorporated into TURTLE if one neglects the angular dependence of the interactions
and just considers all particles lost which have a strong interaction
1
.
The number of hadronic interactions as a function of the distance l travelled in the material
is given by
N
i
= N
0
(1  e
 l=
); (5.29)
where N
i
is the number of interactions, N
0
is the number of incoming particles and  is
the total hadronic interaction length of the material crossed.
In reality some particles which undergo hadronic interactions in the beamline, will stay
within the acceptance of the beamline. This will show up as tails in the wire chamber
distributions. Since the acceptance of the H6 beamline is very small, the number of
particles in these tails is very small and the simple model of hadronic interactions is
precise enough for these purposes.
5.7 TRANSPORT
TRANSPORT is a program for designing magnetic beamlines [55, 56]. It uses the matrix
formalism like TURTLE and the latest version allows for third order computations. The
explicit transfer matrices can be printed anywhere where the user wishes. Matrix elements
can be computed also from ts to specied constraints. TRANSPORT can also compute
the beam envelope at requested positions by assuming a Gaussian initial shape. TRANS-
PORT and TURTLE are designed to use the same input le format, so they complement
each other.
1
Suggestion by K. Elsener
Chapter 6
The H6 beamline
The beam from the SPS is extracted to the North Area and directed onto 3 targets
by means of two splitters, see Fig. 6.1. This allows exible adjustments in the beam
sharing between the dierent target stations. The beams can be transported to the target
stations with the full SPS momentum of 450 GeV/c. Each target station feeds one or
several secondary beam lines. This allows running of several experiments in parallell or
fast shifting of the beam from one installed experiment to another. The T2 target station
feeds the H2 and H4 beams, the T4 target serves two secondary and one primary particle
beamlines, H6, H8 and P0, but target station T6 feeds only the high intensity muon beam,
M2 [60].
Four of the SPS North Experimental Area beams are found in the hall EHN 1. These
are the H2, H4, H6 and the H8. Basically these beamlines are similar in design. The H6
beamline, which is the backbone of the NA52 spectrometer, diers from the other beams
in EHN 1, in that it has not been designed to allow transfer of the primary beam, so it is
a medium energy beam, which provides hadrons, electrons and muons in the momentum
range 5 | 205 GeV/c. H6 is listed to have the smallest nominal acceptance of the four
beamlines in EHN 1, when the comparison is made at momenta  200 GeV/c [60].
T2
T4
T6
TBIU TARGET TBID
TCC2 TARGET HALL
BSMH/V
SPLITTER 2SPLITTER 1NORTH EXTRACTION
TDC2TT20
SPS
BSI-Ti
Figure 6.1: Extraction to the North Area targets T2, T4 and T6. The schematic positions
of the SEM counters are also shown [31].
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6.1 The optics of H6
H6 is a versatile achromatic focusing beamline spectrometer which can transport sec-
ondary or tertiary particles. The main parts of H6 are the two vertical bends performing
the momentum analysis and recombination. This is done in the vertical plane, since the
target station is located 10 m underground for radiation protection purposes. The shape
of H6 in the yz- and xz-plane is shown in Fig. 6.2 and 6.3. The rst vertical bend, B3, of
+41 mrad is 64 m from T4 and the second one, B5, of -41 mrad is 320 m from T4. The
length of H6 from T4 to the last dipole magnet was 524 m until the end of 1996.
H6 can be operated in three dierent optical modes: The Filter Mode (FM), see Fig. 6.4,
The High Transmission Mode (HTM), see Fig. 6.5, and the High Resolution Mode (HRM).
The dierence between these optical modes is in the elds of some of the quadrupole
magnets, because the bend angles in the dipole magnets are xed by the geometry of the
beamline in real space. A CEDAR is installed in H6 for particle identication purposes
and this requires the parallell section at the end of the beamline. Two sextupoles are used
to make the beam achromatic in the HTM and the HRM. This allows for a smaller spot
size at the nal focus. For a list of the magnetic elements of H6 see Appendix E.
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Figure 6.2: The projection of the H6
beamline in the yz-plane.
0 100 200 300 400 500
z / m
0
2.5
5
7.5
10
12.5
15
x
 
/ 
m
The H6 beamline in the xz-plane
 
Figure 6.3: The projection of the H6
beamline in the xz-plane.
The most versatile of the optical modes is the Filter Mode. In the FM H6 has three
intermediate double focii in addition to the focus at the end of the beamline. At the rst
one, 126 m from T4, a secondary target producing a tertiary beam can be put into the
beam. The momentum of the tertiary beam can be changed wihout disturbing the H8
beam. This is very useful when H8 is running as main user, so the FM is also called the
test beam mode. An absorber can be introduced to lter the content of the hadron beam
about 16 m upstream of the third focus at 384 m from T4. In addition to the secondary
and tertiary hadron beams secondary and tertiary electron beams are also possible as well
as a muon beam. For more details on the use of H6 see [61].
The lter mode has usually been used in pBe test-runs by NA52, but not during the
Pb-Pb physics data taking runs. Experiment NA56 has used the NA52 detectors with
the H6 beamline in FM [62], because in NA56 the most important goal was not a large
acceptance, but rather a well determined acceptance.
The acceptance of a beamline is determined to rst order by the apertures of the rst
focusing elements after the primary target. The angular acceptance depends on the
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distance to the target and on the eld strengths in addition to the apertures. In H6 the rst
three acceptance quadrupoles were used in a horizontally focusing-defocusing-defocusing
(FDD) mode since this allows for a larger acceptance than the more symmetric FDF
triplet mode. The circular apertures in Q1 and Q3 were designed to limit the acceptance
here rather than in the larger apertures in the downstream quadrupoles, see Fig. 5.2.
In the ideal case the rst quadrupole Q1 denes the horizontal acceptance and the third
quadrupole Q3 denes the vertical acceptance.
NA56 used H6 in FM, since the FM was better suited than HTM or HRM for restricting
the acceptance as early as possible with additional collimators. The idea was to use as
narrow a beam as possible, which would not be so sensitive to disturbances produced by
geometric imperfections in the beamline. But the transmission to the last part of H6 in
FM is decreased compared to the HTM by the large angular displacement in the horizontal
plane at the position of the CEDAR, so here the beam can be sensitive to disturbances.
The choice of the H6 optical mode used in NA52 was simply dictated by the fact that the
best strangelet sensitivity is obtained for the largest acceptance. The acceptance at the
end of H6 is largest in the HTM, so this optical mode was used in the 1994{1996 NA52
data taking runs. The dierence in magnetic elds between the HTM and the FM is that
in HTM the initial focusing is strengthened with Q1 and Q2 and this is compensated by
weakening Q13 and Q14 leading to improved transmission in the parallell section for the
CEDAR. This displaces the horizontal intermediate focii upstream to positions 62 m, 192
m and 318 m from T4. The dierence is in fact restricted to the horizontal plane since
the vertical matrix elements remain similar.
The best momentum determination is provided by the HRM because the maximum frac-
tional momentum deviation is only 0.8 % nominally as compared to  1.5 % nominally
in the HTM [60]. This is at the expense of a correspondingly lower acceptance. The HRM
is similar to the HTM, in that the initial focusing is the same, but the dierence is that
the quadrupoles that are used for focusing the dispersed rays in the vertical plane are not
used. In the case of H6 this is Q6, which consists actually of four physical units. In this
way the dispersion grows larger and a smaller momentum bite is selected.
6.2 Wobbling at the T4 target
B1T and B2T are dipole magnets placed before the T4 target and they can be used for
selecting the incident angle of the primary beam hitting T4. The momentum, the sign of
the charge and the production angle of the secondary beam into H6 can be selected with
the dipole magnet B3T. B3T also serves to direct the remaining primary beam on to the
large iron beam dump called the TAX. The steering of the beam in the target region with
B1T, B2T and B3T is called the wobbling. The wobbling can be used for several reasons.
It can be used to overcome the restriction of the limited bending power of the dipole
magnets behind the target and to relax geometric restrictions of the target setup. With a
suitable wobbling dierent (correlated) momenta can be selected for the three beamlines
coming from T4 or they can be used one at a time. The details of the T4 region are shown
in Fig. 6.6. The H6 can not run at 200 GeV/c without a nonzero wobbling, because of
the limited bending power of B3T. The used conguration was chosen because it allows
the same wobbling when the beam is directed to H6 (NA52) and when it is sent to H8
(NA45).
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The positions of TOF0 and TNA52 were set o axis for this reason and the wobbling for
NA52 was chosen in each year so that the beam passed through the center of TOF0 and
through the center of B3T in all runs with a 0 mrad production angle. This means that
B1T and B2T were set to constant values, while B3T was in addition adjusted for the
rigidity of the wanted secondary beam. The wobbling was however adjusted after 14.11.
1995 in order to set the production angle more accurately to zero [44].
The incident ion beam was steered by the SPS Control Room operators onto the TOF0
counter to account for changing conditions upstream of T4. This steering was not done
with the wobbling magnets but with magnets further upstream of T4. When the beam
extraction changed from the accelerator and the steering on TOF0 needed adjustment,
then also the wobbling magnets were untouched and the same upstream magnets were
used to correct the situation.
6.3 Magnet misalignments in H6
The measured beam proles in H6 showed asymmetric and o centred distributions in
several wire chambers. This fact together with the observation that there was a discrep-
ancy in transmission between the measurements and the TURTLE simulations suggested
that some magnets in H6 might be misaligned. The North Area received its rst beams
from the SPS on the 31st of March in 1978 [63], but the alignment of it had not been
rechecked since its construction.
For these reasons the CERN surveyors were asked to check the alignment of the magnets
in H6 during the winter shutdown 1995-1996. The results of this measurement were ready
in March 1996. The measurement in the vertical plane was made in connecting steps from
B1 (MSNH 04 1 022) to B9 (MCV 04 1 522) by dening a reference trajectory between
these two magnets and measuring the deviations of the entry and exit faces of each magnet
with respect to the reference trajectory. The vertical displacement is claimed to be known
to a precision of 0.2 mm or better.
A concrete wall separating the target area TCC2 from the H6 and H8 beamline tunnel
TT82 prevented doing the measurement of the horizontal misalignments in connecting
steps. The ideal measurement would of course have been to choose T4 and B9 as reference
points and measure all displacements with respect to the trajectory connecting these two
points similarly as for the vertical case. The horizontal measurement was then performed
separately on the part from B1 (MSNH 04 1 022) to Q4 (QNL 04 1 078) and separately
on the part from Q5 (QNL 04 1 096) to B9 (MCV 04 1 522).
No knowledge existed as to the goodness of the selected reference points with respect
to the nominal horizontal optical axis connecting T4 and B9 and how the two reference
trajectorys, dened by the reference points separated by the wall, relate to each other.
The horizontal displacement is not known to the same precision as the vertical one because
the measurement point is sitting on the top of a magnet while the beam passes at some
distance through the magnet. Depending on the tilt of the magnet and where the tilt
axis lies the measurement at the top of the magnet will introduce some uncertainty about
the horizontal displacement. The tilt of the magnets was not measured by the surveyors.
The intrinsic precision for the horizontal measurement is 0.2 mm as well but due to the
additional uncertainty of the tilt axis the precision was worse than that.
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The best way to achieve good alignment in principle is to realign the beamline at the same
time as doing the measurements. This realignment would of course change the acceptance
so that when computing cross sections from the measurements from dierent years, one
would have to use dierent acceptance values without a good knowledge of the change in
the acceptance. This uncontrolled acceptance change was not desirable so the realignment
was not asked for by NA52.
Including the measured misalignments in the TURTLE simulation did not solve the dis-
crepancy between TURTLE and the measurements, which suggested that the precision
of the misalignment measurement from 1995-1996 was not good enough. During the win-
ter shutdown 1996-1997 the surveyors measured the alignment of H8. A large horizontal
misalignment was discovered which was expected to have been seen in the H6 misalign-
ment measurements already, but this was not the case. This also suggested that the
measurement of the H6 misalignments from 1995-1996 should be redone. The H6 mag-
net misalignments in the horizontal plane were therefore remeasured during the summer
1997 and the results were available at the end of July 1997. A rst set of preliminary
results were available in the beginning of July 1997, where the horizontal measurement
extended from T4 to Q8 (04 1 178). The measurement was then extended to range from
T4 to Q11 (QTS 04 1 371) eectively without a break, but a few magnets which show
a negligible eect on the transmission were not remeasured. This time the measurement
was performed by accounting for the tilt of the magnets.
The remeasurement of the horizontal misalignments in 1997 was extended only over those
quadrupoles that are sensitive to misalignments in the HTM and not over the full length
of H6 to save time and work. This shorter measurement is accurate only if the chosen
downstream reference point is aligned with the reference trajectory between T4 and B9.
If the chosen downstream reference point is misaligned with respect to the reference
trajectory between T4 and B9, then this misalignment of the reference point will be seen
as a systematic shift of the horizontal misalignments.
The misalignments that are used in the simulation are a combination of the measurements
from 1996 and 1997. The vertical data stem from 1996 and the horizontal data stem from
the T4 - Q11 results in July 1997 except for those magnets that were not remeasured in
1997. Plots of these misalignments with respect to the nominal optical axis are shown
in Fig. 6.7 and 6.8. In the new horizontal data the large horizontal displacement seen
in H8 is seen to a lesser degree in H6 in the region 200 m to 300 m from T4. The
measured horizontal misalignments are dierent, however, for the remaining parts of the
beamlines. In the vertical plane the measured misalignments show a similar trend in both
H6 and H8. From T4 to 300 m there is a mean displacement towards positive y-values
(upwards), then there is a drop to negative y-values between 300 m and 400 m. In H6
the drop diminishes to zero at 450 m from T4, while in H8 the displacements grow past
zero towards positive values. The similarities between the measured misalignments in
H6 and H8 are encouraging and support the validity of the measurements, except that
the question of the possible misalignment of the horizontal downstream reference point
cannot be answered.
From simulations it can be concluded that the scale of the misalignments is of the order
of a few mm. In a sensitive place a horizontal displacement of 3 mm can lead to a 45.6 %
loss of transmission to the end of H6, see Tab. 6.1.
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Magnet Type Name x: -3 mm x: +3 mm y: -3 mm y: +3 mm
Q1 QSL 04 1 033 -45.6 -43.3 -3.0 -2.7
Q2 QNL 04 1 040 -2.1 -3.1 -1.2 -1.0
Q3 QNL 04 1 050 -0.7 -1.4 -2.3 -3.5
Q4 QNL 04 1 078 -1.5 -2.8 -3.1 -2.3
Q5 QNL 04 1 096 -26.4 -24.9 -1.6 -3.8
Q6 QTS 04 1 115 -2.5 -3.2 -4.6 -0.6
6P1 LSXV 04 1 129 +2.1 -2.1 -0.4 0.0
Q6 QTS 04 1 141 -2.5 -2.7 -4.1 -0.8
W1T
Q7 QNL 04 1 160 -22.3 -21.2 -4.1 -1.9
Q8 QNL 04 1 178 -1.0 -3.5 -2.7 -1.8
6P2 LSXH 04 1 193 +0.1 -0.1 +0.2 -0.2
Q8 QNL 04 1 206 -2.4 -6.5 -2.2 -3.2
Q7 QNL 04 1 224 -34.3 -31.1 -3.8 -1.9
W2T
W2S
Q6 QTS 04 1 243 -3.4 -6.6 -1.0 -3.5
Q6 QTS 04 1 269 -2.4 -4.1 -0.8 -2.9
B1
Q9 QNL 04 1 288 -23.0 -23.0 -2.9 -1.3
Q10 QNL 04 1 306 -2.4 -2.7 -1.1 -0.5
Q10 QNL 04 1 334 -1.6 -1.3 -0.8 -0.5
Q9 QNL 04 1 352 -27.8 -28.5 -0.7 -0.6
W3S
W3T
Q11 QTS 04 1 371 -1.9 -1.4 -0.0 -0.3
Q12 QTS 04 1 397 unused
Q13 QNL 04 1 426 -0.2 -0.1 -0.3 -0.8
Q14 QWL 04 1 434 -0.4 -0.1 -0.1 0.0
W4T
Q15 QWL 04 1 453 -0.3 0.0 +0.1 0.0
Q16 QNL 04 1 461 0.0 0.0 -0.2 +0.1
Q17 QNL 04 1 472 unused
W5T
Table 6.1: The change in transmission at W5T in % for a 3 mm movement of a quadrupole
or sextupole at 200 GeV/c.
6.4 Collimators in H6
The beam in H6 can be restricted in x and in y with the help of nine dierent collimators.
The collimators are 1 m long iron blocks that can be moved with a nominal precision
of 0.1 mm over a half aperture of 45 mm. The use of these collimators depends on the
optical mode of the beamline. Tab. 6.2 and 6.3 show the names of the horizontal and
vertical collimators and their main use in the High Transmission Mode.
1
1
C4 and C7 were removed for the NA56 run in 1996 and reinstalled as C10 and C11 in front of C1.
40 Chapter 6. The H6 beamline
Name Denes Correlated to
C1 x Æ
C2 x
0
C5 Æ
C9 x
0
Table 6.2: The horizontal collimators in
H6.
Name Denes Correlated to
C3 Æ
C4 y
0
Æ
C6 y
0
C7 y
0
Æ
C8 y
Table 6.3: The vertical collimators in H6.
C2, C3 and C6 are called the HTM acceptance collimators because they can be used to
restrict the beam in x
0
, Æ and y
0
respectively.
In NA52 the physics measurements have all been made with fully open collimators, so
the acceptance does not depend on the alignment of the collimators. Some studies with
closed collimators have been performed to understand the acceptance and transmission of
H6, however. The worst known misaligned collimator is C8 which is displaced -1.85 mm
at the entrance face and -1.83 mm at the exit face in the vertical plane.
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Figure 6.4: The optics of H6 in FM. The curves show the transverse position of a charged
particle as a function of z in the horizontal and vertical plane due to angular (R12 and
R34, solid lines), momentum (R16 and R36, dotted lines) and position osets (R11 and
R33, dashed lines) at the target. Misalignment eects are neglected in the plot.
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Chapter 7
The measurements
The measurements made by NA52 consist of the physics runs to achieve the goals of the
experiment and of test runs to study and debug the NA52 detector setup. The majority
of the physics runs in 1994 and 1995 were made for the strangelet search to achieve the as
large a statistical sensitivity as possible for strangelet detection. These data was mainly
taken at the high rigidities of 100 and 200 GeV/c. A detailed analysis of the strangelet
measurements has been made by Reiner Klingenberg in [28].
At lower rigidities the aim was to study particle production. Data were taken at rigidities
of 5, 10, 20 and 40 GeV/c. The particle production data have been analyzed by
Franziskus Stoel [36]. His thesis contains a table with a summary of the most important
data that NA52 has taken in 1994 and 1995.
A third group of data was taken to study the production of nuclear fragments in the
lead-lead collisions. This data was taken as a main user in 1994 and also parasitically in
1996. The data from the 1994 run have been analyzed by Patrik Hess [35].
In addition to the physics runs a large number of test runs have been performed to test
the equipment and to learn about the optics of H6. Most of these measurements have
been performed with a proton beam incident on T4, but some test runs have also been
made with a lead beam. The wobbling in these measurements usually diered from the
case of the physics runs with the lead beam, because there were constraints coming from
the other simultaneous users of the T4 target.
Only some of the test runs which are important for the present work are mentioned here.
In November 1995 a set of measurements were performed to search for the zero of the
incident angle on the target by changing the currents in the wobbling magnets B1T and
B2T [44]. These data were taken with the lead beam and the optics used in the physics
runs. In some measurements the beamline collimators were also utilized to see if the
collimators act in the same way in the measured data as in the simulations [44]. The
scan over the incident angle turned out to be valuable for the understanding of the beam
proles as well.
In the September 1996 test run measurements were made to study the transmission in
the beamline with the help of protons.
To test the method of beam steering developed for TURTLE a set of measurements were
performed in November 1996, when NA52 was running parasitically to NA45 with a lead
beam incident on T4. In these data the last two dipoles in H6, that is B5 and B6 were
46
7.1. Corrections to the wire chamber measurements 47
MWPC x / mm y / mm
W1T +5.1 +0.7
W2T -1.9 -0.8
W2S -2.2 -1.0
W3S -1.4 -4.2
W3T -0.4 -3.2
W4T +0.6 -0.2
W5T 0.0 +3.0
Table 7.1: The misalignment of the wire chambers in 1994{1996. A common error of
1 mm should be added to these values, because the osets to the nearest magnets were
reported to be less than 1 mm, except for W1Tx and W5Ty. W5T was moved and
realigned in the beginning of 1997.
set to currents dierent slightly from their nominal values to measure the movement of
the beam in W5T.
7.1 Corrections to the wire chamber measurements
In this work the most important detectors are the wire chambers. The wire chamber
measurements have to be checked for signicant instrumental eects that need to be
corrected for before comparing with the Monte Carlo results. There are two eects of
the wire chambers that are to be corrected for in the NA52 data. Some wire chambers
have been shown by measurements to be misaligned with respect to the nominal beam
trajectory, so their positions need to be corrected for. The eÆciency of the wires across a
wire chamber plane is not necessarily uniform. The ineÆciencies aect the counting of the
particles and distort the measured beam proles so this eect also needs to be corrected
for.
7.1.1 Misaligned wire chambers
In December 1995 the oset of each NA52 wire chamber with respect to a line connecting
the reference points on the two nearest magnets was measured for each wire chamber in
x and in y. From the misalignment measurements the oset with respect to the nominal
beam trajectory of each wire chamber can be computed. These misalignments are shown
in Table 7.1.
The measured beam proles were transformed from the local misaligned systems to the
global aligned systems for those chambers where the misalignment exceeds 3 mm, because
this is the eective pitch of the wire chambers.
7.1.2 The wire chamber eÆciencies
The wire chamber eÆciency was not uniform in some cases. This distorted some of the
measured wire chamber proles. Also some wire ampliers had a bad gain which looks like
a bad wire eÆciency. For measuring the beamline transmission with the wire chambers
48 Chapter 7. The measurements
a mean eÆciency correction is enough for each wire plane, but to correct the measured
wire chamber proles for the nonuniformity of the wire chamber eÆciencies the eÆciency
needs to be measured individually for each wire in a plane. Since the WnT (n=1{5) wire
chambers have three dierent wire planes, the eÆciency of each wire can be computed
with the following method proposed by T. Tabarelli [64].
In these chambers we have three independent measurements. Two of these independent
measurements can be combined to provide a redundant measurement of the third coordi-
nate. In case of the x coordinate the independent measurement is given by the formula
x
vy
=
p
2v   y
The eÆciency of a x-plane is then given by
(x) =
N
xx
vy
N
x
vy
;
where N
xx
vy
is the number of events measured with the x plane and the x
vy
measurement
whereas N
x
vy
is the number of events given by the x
vy
measurement. This method suers
however from the problem that the correction is sometimes applied to the neigbouring
bins, because the v-wires form parallelograms together with the y-wires, which do not
coincide exactly with the square xy bins.
For the double planed chambers WmS, (m=2,3) the independent coordinate measurement
can be obtained by extrapolation from the nearest neighbouring chamber. This can be
done by computing a correlation function for the coordinate under consideration for two
neighbouring wire chambers. When this optical method is applied to W2Sx, the eÆciency
can in this case be computed from
(x) =
N
x
W2S
y
W2S
x
W2T
N
y
W2S
x
W2T
;
where x
W2T
stands for the x coordinate measured in W2T and projected to W2S,
N
x
W2S
y
W2S
x
W2T
is the number of events given by the x plane and by the coincidence
of a y-measurement in W2S and the projected x-measurement in W2T. N
y
W2S
x
W2T
is the
number of events given by the coincidence of a y-measurement in W2S and the projected
x-measurement in W2T. This method can also be applied to the triple planed chambers
to compare it with the previous method. For an example of the eÆciencies measured with
these methods see Fig. 7.1.
7.2 Indirectly measured distributions
7.2.1 Measuring angular distributions
In the matrix formalism of beam optics a drift space is represented by the following simple
matrix
R
d
=
0
B
B
B
B
B
B
B
B
@
1 L 0 0 0 0
0 1 0 0 0 0
0 0 1 L 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
1
C
C
C
C
C
C
C
C
A
: (7.1)
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Figure 7.1: Example of the wire chamber eÆciencies in the x-plane. All plots have mm
as the unit of distance on the horizontal axis. The open dots are a check of the optical
method in W2T and W3T.
In this case the movement in x is decoupled from the movement in y. By measuring the
beam position in x and y before and after a drift space one can compute the angles x
0
and y
0
. The angle in the x plane is calculated from
x
0
2
= x
0
1
=
x
2
  x
1
L
12
; (7.2)
where x
1
is the x-coordinate before the drift space, x
2
is the x-coordinate after the drift
space and L
12
is the length of the drift space from position 1 to position 2. In H6 there
are two places where this method of determing the angles can be applied, namely from
W2T to W2S and from W3S to W3T. The misalignment of W3Sy and W3Ty needs to be
corrected for when computing the angular distribution using these two chambers.
The intrinsic accuracy of this method is given by the wire chamber pitch and the accuracy
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of the drift distance, when multiple scattering eects are neglected. It can be computed
with the error propagation formula, which gives
x
0
2
=
v
u
u
t
2

x
L
12

2
+ x
0
2
2

L
12
L
12

2
; (7.3)
where x is the error of the position measurement and L
12
is the error on the drift
length. Assuming L
12
to be  0.1 m, its contribution to the error of the angular
measurement can be ignored, however. The angular error for W2T/S is 0.17 mrad and
for W3S/T the angular error is 0.16 mrad, when the contribution from L
12
is neglected.
At 200 GeV/c the nite wire chamber precision is only seen in W3Sy, where the angular
distribution determined with this method is wider than the intrinsic angular distribution
in TURTLE. Figure 7.2 shows that the contribution from multiple scattering is small at
10 GeV/c.
The nonuniform eÆciency of the wire chambers might distort this measurement, but this
can be corrected for by computing the angular eÆciency

x
0
= (x
2
)(x
1
) (7.4)
and using it as a weight factor. This correction turned out to be rather small and the
largest seen eect is that the shape of the angular distribution in W3S changes slightly.
7.2.2 Measuring the momentum
The general rst order transfer matrix simplies in the case of midplane symmetry to
R
s
=
0
B
B
B
B
B
B
B
B
@
R
11
R
12
0 0 0 0
R
21
R
22
0 0 0 0
0 0 R
33
R
34
0 R
36
0 0 R
43
R
44
0 R
46
0 0 R
53
R
54
1 R
56
0 0 0 0 0 1
1
C
C
C
C
C
C
C
C
A
; (7.5)
assuming a bend in the y plane. Assuming a known transfer matrix R
1!2
and known
values for y
1
, y
0
1
, y
2
and y
0
2
one gets two independent solutions for Æ
1
.
Æ
1
=
y
2
  R
33
y
1
  R
34
y
0
1
R
36
(7.6)
and
Æ
1
=
y
0
2
 R
43
y
1
  R
44
y
0
1
R
46
: (7.7)
This method can be applied to the region between W2S and W3S when the transfer
matrix R
W2S!W3S
is computed with TRANSPORT and the angles are measured with the
method in the previous section, see Fig. 7.3.
In the rst formula Æ depends on the beam shifts in the vertical plane, whereas the second
formula depends mostly on the shifts in the vertical angles, since the matrix elemenent R
43
is rather small. If one uses the matrix elements for the ideal situation with simulated beam
proles aected by magnet misalignments and steering, then it turns out that the latter
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Figure 7.2: The computed angular distributions are compared with the intrinsic angular
distributions in TURTLE at 10 GeV/c to see the eects of the 3 mm wire pitch and of
multiple scattering. The intrinsic distributions are marked with '*' characters and the
computed distributions are drawn with line segments.
formula describes better the mean of the intrinsic momentum distribution in TURTLE.
In this sense the latter formula can be said to be more accurate than the rst one.
Measuring Æ in this way and the angular variables with the previously presented method
allows for a complete determination of the independent variables of the beam phase space
at W2S, since x and y are measured directly with the wire chambers. It should be
noted that the Æ distribution computed at W2S is a subset of the true distribution at
W2S, since the measurements require the particles to reach W3S and W3T, where the
acceptance is less. This does not matter when comparing the measurements with the
TURTLE simulations if the Æ distribution is computed with the same method as for the
simulated data.
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Figure 7.3: The computed momentum distributions at W2S are compared with the in-
trinsic momentum distribution in TURTLE at 200 GeV/c to see the eects of the 3 mm
wire pitch in the wire chambers. The intrinsic distribution is marked with '*' characters
and the computed distributions are drawn with line segments. The unit of the x-axis is %.
The simulation was made without misalignments and with the nominal magnet currents.
The tails in the computed momentum distributions are just due to the 3 mm wire pitch.
When one applies this method of computing the fractional momentum distribution to
measurements, one needs again to correct for the ineÆciencies of the wire chambers. This
can be done in a similar way as was the case for the measurement of angular distributions
but it turns out again that the eect of this correction is very small.
Chapter 8
Tests on the Monte Carlo model
8.1 The Monte Carlo method
The most important step when using a Monte Carlo model is to test carefully the model
against the measurements in any possible way to establish condence in the model. The
comparison will also show the precision and the limitations of the model and it might
reveal neglected eects that need to be included. Only when the agreement between the
model and the data has been shown to be satisfactory, should the model be used for
computing results.
In the present case the task of testing of the Monte Carlo model is rather diÆcult because
the NA52 detector and its geometry are very complex, but there are only the following
few observables available for validating the model:
 The widths and shapes of the measured beam proles.
 The mean positions of the measured beam proles.
 The measured transmission as a function of z in the spectrometer.
It should be noted that these observables are not completely independent of each other.
The most basic method to check the simulation is to compare the simulated and the
measured wire chamber x- and y-proles along the beam in one or two dimensions. This
gives an idea about how well the simulation reproduces the geometric acceptance of the
real beamline.
Nonzero mean positions of the measured proles might be due to misaligned quadrupoles
or wire chambers. Eects due to dipole magnets, such as bad tuning, remanence or
unstable current supplies can also result in nonzero means of the beam proles.
Another method to check the simulation is to compare the transmission of a known particle
spectrum as a function of z along the H6-spectrometer. This is maybe the most natural
quantitative test of the Monte Carlo model. If the Monte Carlo model reproduces the
transmission between the dierent subdetectors, then one can be more condent in the
acceptance calculation. If the transmission is measured with the help of the TOF-planes,
then there are only three dierent transmission ratios available for the test because of the
NA52-trigger. The simulated transmission ratios can be compared with the transmission
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ratios TOF3/B1, B2/TOF3 and TOF5/B2 if the particles are identied with the mass
measurement from the TOF-t. The best choice is to select a clean sample of only one
type of particles because then the possible decay correction is trivial and the correction for
nuclear interactions in the beamline materials is simpler. The natural choice is to select
a beam of protons because they can be identied with the TOF-t or with the

Cerenkov
counters and they don't decay. A mixture of any particles can be used of course, but then
the particle spectrum of the recorded events should be known accurately so that one can
compute a weighted mean over the dierent decay rates and dierent hadronic interaction
lengths in order to simulate the measured transmission loss.
If the transmission is computed from the wire chamber information there is the addition-
al possibility of computing the transmission ratios W3S/B1, W3T/W3S, B2/W3T and
W5T/B2.
A trigger independent transmission measurement is provided by scalers counting over each
spill. The scaler information is useful for checking that the trigger is unbiased and working
properly. Since the scalers count spillwise without any particle identication capabilities
there is no way to select a specic kind of particles with this method. In principle
one needs to compute a weighted mean over the particle spectrum, while correcting for
dierent particle decay rates and hadronic interactions to simulate transmission losses.
If the natural beam composition is dominated by one particle species (pions) then the
computation of the decay rates and hadronic interactions can be simplied of course.
Dierent collimator settings can also be used for comparing measured beam proles with
simulated ones [44]. The transmission is also a useful quantity in connection with colli-
mator scans.
In the most ideal case comparing these observables with the simulation should agree to
the precision of the measurements. The desired level of accuracy is usually less than that,
because typically one wants the model and the data to agree to the same precision as
one wants for the results extracted from the model. In some cases one might have to be
satised with a lesser degree of agreement between the model and the data because of
measurement errors and limitations of the model.
If the agreement between the model and the data is good then it is straightforward to
use the model to compute the wanted results. One can compute the results with error
estimates for dierent settings from the model and be condent of the achieved precision.
The case when there are known limitations in the model is much more problematic,
because then one has to try to estimate the systematic error of the nal results by some
independent means.
In the present case the Monte Carlo model consists of the description of the H6 beamline
spectrometer and of the physical processes that TURTLE can simulate. The results from
special measurements to test dierent parts of the Monte Carlo model are presented in
the following. More comprehensive comparisons between the data and the simulations
will be presented in the next chapter.
8.2 The eÆciency of the individual trigger counters
Checking the eÆciency of the individual trigger counters is important, because an in-
eÆciency of TRIGB would result in a loss of transmission with respect to TRIGA. A
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transmission loss of this kind might be interpreted as an error in the Monte Carlo model,
so it is good to exclude this possibility.
The eÆciency of the unsegmented scintillating counters which dene the trigger cannot
be measured in the data of normal runs. The eÆciency of TOF2 and TOF4 can be
monitored with the help of the scalers. This method is however, limited by the accuracy
of the scalers. Since the eÆciency of the trigger had not been measured in the 1994 and
1995 runs, data were taken with special trigger congurations in September 1996. Setting
TRIGB to be dened by TOF4 only allows the eÆciency of B2 to be measured and vice
versa. The largest drop in the measured transmission along H6 occurs between TRIGA
and TRIGB, that is between TOF3 and TOF4. This could be due to a bad intrinsic
eÆciency of B2 or TOF4, but the special runs show that the intrinsic eÆciency of B2
is 0.996  0.0003 and that of TOF4 is 0.985  0.0007 in this sample. The combined
eÆciency of B2 and TOF4 is then 0.981, so this leads to an expected trigger ineÆciency
of 2 %.
Similarily the eÆciencies of the TRIGA counters were found to be 0.996  0.0003 for B1
and 0.9999915  0.000009 for TOF2. The combined TRGA eÆciency is then 0.996 in
this sample.
It should be noted that the eÆciencies for TOF2 and TOF4, depend on how the beam
hits the cracks between the scintillator slabs, so that the eÆciencies can dier by a small
amount between dierent rigidities. Measuring with the scalers the eÆciency of TOF4
one nds that it is usually between 0.96 % and 0.98 %, which is consistent with this
measurement.
The width of the beam in x at TOF4 is rather large. If TOF4 is severly misaligned
then a small fraction of the particles in the end of the tails might miss it, but still be
able to re B2 because the beam is more narrow at B2. This would then eectively be
seen as a decrease in the TOF4 eÆciency, but there is no real evidence for this kind of a
misalignment.
This same data sample was also used for computing the transmission as a function of
the selected trigger conguration. The transmission was found to be the same within
the statistical error for the congurations A=B1 only, B=B2 only and B=TOF4 only
as compared to the setting TRG=A, A=B1*TOF2, B=B2*TOF2. The timing of the
setting A=TOF2 only shifted so much from the standard setting that the trigger did not
work quite properly. The result was dierent for this reason alone and the transmission
comparison was not meaningful to perform.
8.3 A check on the hadronic interaction simulation
Part of the data taken during the pBe testrun in September 1996 was meant for studying
the transmission of particles in H6 at +200 GeV/c, with the beamline optics set to HTM.
The threshold

Cerenkov detectors were set at the proton threshold to enable protons and
heavier particles to be distinguished from pions, muons and kaons in these transmission
runs.
To reduce the particle rates in the dectector the collimators were closed so the secondary
beam was very narrow. The measured collimator settings in mm were C10
+1:1
 0:9
, C11
+1:1
 0:9
,
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W3S/B1 W3T/W3S B2/W3T W5T/B2
measured 0.966  0.008 0.991  0.008 0.954  0.006 0.962  0.007
simulated 0.986  0.013 0.978  0.013 0.951  0.012 0.967  0.013
Table 8.1: The measured and simulated transmission ratios between the given detectors
for 200 GeV/c protons produced in pBe-interactions, corrected for the TRGB ineÆciency.
Only the statistical errors are given. The measurement was not corrected for the small
pion and kaon contamination.
C1
+10:1
 10:0
, C2
+10:1
 9:9
, C3
+2:0
 2:1
, C5
+40:1
 40:0
, C6
+40:0
 40:0
and the others fully open. This situation resem-
bles closely the setup used in the SPY/NA56 experiment [65].
At 200 GeV/c the eÆciencies of the threshold

Cerenkov detectors are rather low, so it is
important to check how eÆciently they can tag the wanted particles, that is the protons in
this case. At 200 GeV/c this can only be done with the CEDAR, because the resolution
of the TOF-t is not good enough to identify protons. With the help of the CEDAR
the contamination of the selected proton sample was found to be 1.9 % due to pions and
kaons.
For this narrow high rigidity beam the particle losses seen in the detector stem mostly from
hadronic interactions in the detector materials. Comparing the measured transmission
with the transmission computed with TURTLE tests therefore the validity of the material
description used in the simulation in terms of the amount of dierent materials and their
total hadronic interaction lengths. In the simulation of this situation one can neglect the
misalignments of the magnets and use the nominal magnet currents, because of the small
size of the beam. Table 8.1 shows the measured and simulated transmission as a function
of z for protons in H6. It can be seen that already the TURTLE simulation with nominal
magnet currents and no misalignments reproduces the measured transmission within 1 %,
which is within the statistical errors.
Part of the pBe data from September 1996 were taken with an additional absorber of
4 mm Pb, which was introduced into the beamline at 368 m from the T4 target, just after
TOF3 and W3T.
This absorber increases the transmission loss due to hadronic interactions in it. This
transmission loss can be computed with Eq. (5.29) and found to be 4.3 %  0.2 %, when
it is assumed that the interaction length in GEANT is accurate to 5 %. This number is
expected to be systematically too large because the angular dependence of the hadronic
interactions has been neglected as was discussed in Section 5.6. Selecting a proton sample
with the help of the upstream

Cerenkov counters and computing the transmission decrease
from TOF3 to B2 due to the absorber gives a result of 2.7 % with a statistical error of
 1.5 %, which is compatible within the errors on the previous simple calculation.
8.4 A test on the simulation of multiple scattering
At 200 GeV/c the eect of multiple scattering due to the unavoidable materials in the H6 is
small, but by introducing a large amount of material in the beamline the eects of multiple
scattering can be seen also at 200 GeV/c. By using the previously mentioned subset of
data from September 1996 which has a 4 mm Pb absorber just after TOF3 and W3T, one
can measure the broadening of the wire chamber proles due to multiple scattering. These
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measured distributions can then be compared with the simulated distributions to check
the simulation of multiple scattering. The largest broadening is seen in W4Tx, because
the beam is wider in x than in y at the absorber and because the beam is parallell at
W4T.
The simulated proles in W4Tx turn out to be narrower than the measured ones. The
reason for this can be errors between the true collimator openings and the collimator
readings, as was found out in SPY [66]. Another error source might be remanence eects
in the beamline quadrupole magnets, changing the widths of the proles from the expected
ones.
To see the eect of the Pb absorber on the beam, the increase of the width at W4Tx in
the simulation was compared to the data. The widths were computed by tting Gaussian
distributions to the proles. In the simulation  increases by 1.98 and in the data the in-
crease is 2.43. The ratio of these numbers is 0.81, so the dierence between the simulation
and the data is of the order of 20 %. The error is larger than expected on the basis of the
claimed accuracy of the Lynch-Dahl approximation. Part of it can be attributed to the
fact that single large angle scatterings are neglected in TURTLE. Part of this dierence
might also be attributed to particles which undergo elastic nuclear interactions, but are
still contained within the beamline acceptance, since this eect is not accounted for in
the simulation. Also the previosly mentioned problem with the width of the initial beam
and the possible quadrupole eects might contribute to this error too. One can then only
conclude from this comparison that the multiple scattering formula gives results of the
right order of magnitude for the beam width increase.
8.5 A test on the steering correction
A check on the beam steering method was performed by using the full NA52 detector
during the parasitic run in November 1996 to record the movement of the beam as a
function of steering with dipole magnets B5 and B6.
The measured W5Tx(y) proles were cut by asking for only one hit in the x- and y-
planes of W5T and by requring a calorimeter signal not consistent with a muon (25
GeV< E <190 GeV) to exclude muons and multiparticle events. The W5T proles were
corrected for their ineÆciency. The eÆciency in W5Tx was varying between 98 % and
99 %, while W5Ty was slightly worse with eÆciency values between 93 % and 98 %.
These corrected MWPC proles were tted with Gaussian distributions to obtain the
W5T mean values. The t procedure reduces unwanted shifts in the mean values due
to tails in the MWPC distributions produced by nuclear interactions. Eects due to the
steering of the primary lead-beam onto TOF0 were neglible in the vertical plane and
larger but still neglible in the horizontal plane.
Results for the movement of the beam with respect to the initial value at W5T are shown in
the following table and compared to the simulated values, see Tab. 8.2. This comparison
shows that the sign conventions are right in the simulation and also that the magnitude
of the eect is as expected. The mean value of the dierences between the simulation and
the measurement is 3.4 %. This dierence results mainly from the uncertainty of the true
elds in the magnets due to the current supplies and remanence eects in the iron cores.
The correction for the wire chamber ineÆciencies is not quite exact because of binning
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eects, so that small shifts can occur as a result of the correction procedure and this will
also aect the dierences in this comparison.
Magnet Data TURTLE Dierence
x
W5T
y
W5T
x
W5T
y
W5T
mm mm mm mm
B5 -0.3 % -11.184 -10.364 7.3%
B5 -0.6 % -22.831 -23.190 1.6%
B5 +0.3 % +13.099 +12.740 2.7%
B5 +0.6 % +24.999 +24.730 1.1%
B6 -0.3 % -8.336 -8.635 3.6%
B6 -0.6 % -16.956 -17.425 2.8%
B6 +0.3 % +8.582 +8.979 4.6%
B6 +0.6 % +16.824 +17.445 3.7%
Table 8.2: The measured beam movement in mm at W5T as a function of a change in
the current of B5 and B6 at 200 GeV/c is compared to the simulation. The dierences
given are the absolute values of the relative dierences between the measurements and
the simulations.
Chapter 9
Analysis of the data
9.1 Acceptance and beam proles
The acceptance is very closely related to the transmission in the beamline. Because
almost the same factors that determine the transmission determine the beam proles,
it is obvious that an accurate computation of the acceptance needs a good agreement
between the simulated and measured beam proles. The factors determing the beam
proles are:
 The optics of the beamline (magnetic elds)
 The geometry of the beamline (apertures, distances and misalignments)
 The initial beam phase space
 Multiple scattering and hadronic interactions
The transmission depends in addition to these, on decays. The measured transmission
depends also on instrumental eects like the trigger eÆciency and detector eÆciencies.
The acceptance can be factorized into two terms, of which the rst is the acceptance up
to TRGA and the second is the transmission from TRGA to the place of interest. The
transmission downstream from TRGA can be measured, so one can in principle correct
for eects seen in the data that TURTLE might not reproduce. The acceptance up to
TRGA is of course the important number, but it cannot be measured within the NA52
setup, because there are no available detectors for that, so it has to be computed. The
only way of checking the computed TRGA acceptance is to study carefully the agreement
between the measured beam proles and simulated beam proles from W1T to TRGA
(W2S). Of these wire chambers W1T is the most important because it is the rst one
after the target. The transmission from TOF0 to TRGA can be measured, however, so a
relative measurement of the acceptance is possible.
9.2 Beam proles
In the case of a perfectly aligned beamline one expects the beam proles to be centered
and symmetric when assuming symmetric apertures and an incident beam which is set
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on the nominal reference trajectory. This is because in the rst order matrix formalism
there are no zeroth order terms for the transfer matrices, which implies that any beam
distributions should have maxima near the ideal beam trajectory. Second and higher
order eects will however introduce asymmetries in the beam proles, so that in general
one cannot expect fully symmetric beam proles. Also non-uniform particle production
as a function of momentum or production angle can contribute to asymmetric beam
distributions and proles.
The asymmetry of the beam proles is increased signicantly if there are misaligned mag-
nets or if the initial beam is o the ideal reference trajectory. The magnet misalignments
introduce zeroth order terms in the transfer matrices, so that the beam centroid is shift-
ed towards nonzero values. Subsequent apertures will then cut the beam asymmetrically.
Bending magnet currents which deviate from the design values corresponding to the phys-
ical bend angles in real space of a beamline will also lead to a shift of the beam centroid.
This can of course be used for correcting the eects of misaligned magnets. Measured
shifts in the beam centroids can of course be due to misaligned wire chambers. Badly
aligned trigger counters can also lead to asymmetric beam proles with a shifted beam
centroid. It is diÆcult in general to disentangle from each other the eects of misaligned
magnets, misaligned wire chambers, misaligned trigger counters and dipole magnet beam
steering eects.
9.2.1 Beam proles in H6
A concise view of the H6 beam proles is obtained by making a two-dimensional plot of
the particle density as a function of x and y in each wire chamber. Whenever possible
this plot should be used as an aid when tuning beamlines, because it makes it trivial
to detect badly tuned settings, which can be harder to see clearly from one-dimensional
beam prole plots. This plot is very useful for simple and easy qualitative comparisons of
the data and the simulations. An example of this is shown in Fig. 9.1, where measured
beam proles are plotted and Fig. 9.2, where the simulated beam proles are shown.
It can be seen from these two gures that the simulation reproduces the main features
of the measured beam proles. Some of the dierences between these two plots are due
to trivial reasons, like statistical uctuations, the wire chamber ineÆciencies and tails
in the distributions not reproduced by TURTLE, but some of the dierences are more
interesting. The widths in x and y are determined by the matrix elements of the transfer
matrices plotted in Fig. 6.5 and by the limiting apertures in the beamline preceeding
each wire chamber. The details of the shapes are very hard to interpret directly, however,
because there are so many apertures and drift spaces, skewing the beam by the matrix in
Eq. (7.1), between each wire chamber. It is not easy to say a priori just by looking at the
features of these complicated shapes, which ones are just inherent to the basic design of
H6 and which ones are due to unwanted disturbances of the geometry and the magnetic
elds. A natural way of trying to obtain knowledge about the beam proles is to compare
the measured proles with the simulated ones and try to understand the dierences.
Comparing this two-dimensional plot for data taken with a dierent trigger, a dierent
target in a dierent year one can easily see which features of the distributions might stay
the same and which features might change. Fig. 9.1 is for data taken in 1995 with the
T4 target and a global trigger TRG=A, while Fig. 9.3 is for data taken in 1994 with the
TNA52 target and a global trigger TRG=AB. It is clearly seen that the overall shape of
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Figure 9.1: Beam proles with y versus x as measured with the wire chambers at -200
GeV/c in the 1995 data with TRG=A and target T4. The units on all axes are in mm
and the contour lines, uncorrected for the wire chamber ineÆciencies, show the relative
number of particles / 9 mm
2
.
Figure 9.2: Simulated beam proles with y versus x at the wire chamber positions at -200
GeV/c in the 1995 setup with TRG=A and target T4. The units on all axes are in mm
and the contour lines show the relative number of particles / 9 mm
2
.
the beam stays constant, but that the distributions peak in dierent ways in the dierent
plots. This dierence is mainly seen in that the maxima dier along the x-axis, while
the distributions in y peak around zero. Due to multiple scattering the beam proles in
data samples taken at dierent rigidities are obviously dierent, but the shapes of the
beam proles might vary between dierent data samples also because of dierences in
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Figure 9.3: Beam proles as measured with the wire chambers at +200 GeV/c in the
1994 data with TRG=AB and target TNA52. The units on all axes are in mm and the
contour lines, uncorrected for the wire chamber ineÆciencies, show the relative number
of particles / 9 mm
2
.
the magnetic elds and variations of the incident angle. This means that the detailed
shape of the beam proles can be rather dierent in dierent runs. For data taken at
lower rigidities the dierences are in general larger between dierent data samples. It
can be seen by projecting the two-dimensional distributions on each coordinate axis that
this will result in mostly symmetric shapes in y and some rather asymmetric shapes in x.
This suggests that the disturbances in the beamline show themselves more easily in the
horizontal plane.
The problem of understanding the beam proles can be simplied by studying the hor-
izontal and vertical planes separately, because the beam proles in x and y are to a
good approximation independent from each other. An additional advantage of the one-
dimensional case is that the statistical uctuations per bin are smaller and that the wire
chamber eÆciencies are easier to correct for, which makes it easier to make quantitative
comparisons.
For comparison with Fig. 9.2 the same plot of simulated beam proles is shown for the
H6 in the lter mode in Fig. 9.4. The corresponding matrix elements are shown in Fig.
6.4.
9.3 The incident phase space
The numbers shown in Tab. 4.1 were assumed to describe the size of the simulated
secondary beam leaving the target as well. In the case of TNA52 the distance to TOF0 is
so small that the beamspot cannot change signicantly between TOF0 and TNA52. For
T4 the distance to TOF0 was -1,08 m in 1994 and -2,25 in 1995, so one could argue that
the spotsize might change over this distance. Due to lack of knowledge on how the spotsize
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Figure 9.4: Simulated beam proles for the lter mode of H6 at +200 GeV/c for the 1994
setup with target T4 including misalignment eects. The units on all axes are in mm and
the contour lines show the relative number of particles / 9 mm
2
.
at T4 depends on the spotsize at T0F0, the only possibility left was to assume that the
spotsizes at T4 and TOF0 are equal. This assumption is justied because the acceptance
varies very slowly as a function of x and y so that dierent reasonable beamspot sizes
gives negligible changes in the computed acceptance.
9.4 The magnet current supplies
When the SPS beamlines were constructed the elds of the used magnets were measured
as a function of current. The measurements were then tted with straight lines and
parabolas and the coeÆcients have been stored in the BLI program used by the CERN
SL/EA group and by NA52. The currents in the magnet power supplies have not been
calibrated in the sense that the absolute current could be deduced from the set currents.
The original design of the current supplies demands reproducible currents rather than
absolutely known currents. The property of reproducibility has been shown to be valid
[67]. Change of the current regulating ADC card due to maintenance can, however, change
the reproducibility of the currents in a given magnet. The BLI parametrization would
allow in principle for an indirect current calibration of the magnet power supplies, but
the measurement has been performed with a dierent current supply and the accuracy
is estimated to be 0.5 % so in practice one cannot draw any rm conclusion about the
absolute error of the magnet currents from it [68]. The typically used currents normally
deviate less than 0.2 A from the theoretically set values. This sets the lower limit of the
current error to 0.2 A, but the interesting quantity is of course the upper limit of the
current error.
The current supplies for the magnets in H6 can be operated in two dierent modes. One
can either use a DC mode where the magnet currents stay constant at the requested values
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or one can use a pulsed mode where the magnet currents are pulsed with the SPS-spill,
so that the requested currents are only available during the extraction from the SPS. The
advantage of the pulsed mode is of course that it saves power. In the 1994 measurements
the pulsed mode was used, but otherwise the DC mode has been used [69] in the NA52
measurements.
To exclude the possibility of having "demon" magnets where the current supply reports
a normal current, while the current is in fact lower than normal or almost zero all H6
quadrupole magnet currents were measured with a precision of 5 A, with the beamline set
to +200 GeV/c with the le H6.25. No abnormal magnet supplies were found as a result
of this measurement made in October 1995. This means that the quadrupole currents are
correct within 2.5{5 %, since the typical quadrupole currents at 200 GeV are 100{200 A.
The CERN SL/EA group has seen some evidence that the BLI parametrization has an
error of 1.3 % for the QNL quadrupole elds [69]. During the shutdown 1997/1998
the elds in one QNL quadrupole magnet was remeasured as a function of the current
to check the BLI parametrisation. The eld in the quadrupoles is according to this
measurement 2%0.5% stronger at any given current than previously assumed in the
BLI parametrisation [69]. It might be that the error is as large as the deviation found,
however, so this measurement cannot be regarded as conclusive.
The eect of changing the QNL quadrupole elds was checked with TURTLE simula-
tions. According to the simulations a constant correction of 1.3 % in the elds of all
QNL quadrupole magnets results in so strongly changed wire chamber proles that the
agreement with the measured proles is signicantly decreased in W4Tx, W5Tx, W3Ty
and W5Ty. It was found, however, that run dependent quadrupole eld corrections can
improve the agreement between the simulation and the data in chambers W3Sy, W3Ty,
W5Ty. This correction was usually made for the elds of the QNL quadrupoles Q4, Q8
and Q10. This eld correction cannot be attributed to an error in the BLI parametriza-
tion, but it should be attributed to errors in the magnet currents and remanence eects.
9.5 Tuning of the beamline
Using just the measured magnet currents in the TURTLE simulations does not necessarily
give satisfactory agreement between the measured beam proles and the simulated ones.
This is mainly due to the fact that the beamline needs to be tuned before using it as
a spectrometer. The goal of the tuning procedure is to obtain a reproducible setting of
the beamline in spite of remanence eects in the magnet cores, limited accuracy of the
current supplies and variation of the incident beam phase space. Usually the H6 is rst
tuned in the vertical plane by adjusting B3 and then the horizontal plane is adjusted with
B1, B7 and B6. Sometimes B2 is also used for tuning. In normal operation of the H6
beamline B5 is not adjusted explicitly, because it xes the rigidity of the beamline. The
TRIM dipole magnets are used for the nal netuning of the beam.
The remanence in the magnet iron cores cannot be measured since none of the magnets
is equipped with a eld measuring instrument for this purpose, but it is obvious that at
some level the hysteresis in the iron cores will be important. The remanence elds in the
H6 beamline were not removed by demagnetizing the magnets before the NA52 runs in
1995 or 1995, nor between runs with dierent rigidity. According to Konrad Elsener the
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remnant elds mainly aect the absolute energy error with an order of 0.3 { 0.4 GeV/c
[69]. This corresponds at 200 GeV/c to an error on the eld in B5 of 0.2 %, so it should
be a small eect. At 20 GeV/c the error will be of the order of 2 %, which is a very
signicant eect.
9.6 Simulating the beamline tuning
To simulate the tuning of the beamline a tting procedure was developed which runs on
top of TURTLE. The simulated one-dimensional beam proles are tted to the measured
ones. For the t procedure the elds computed from the measured magnet currents can
be independently scaled in each dipole magnet and some selected quadrupoles.
For B3T the radius of the central trajectory is used as an additional free parameter, be-
cause B3T is the very rst dipole magnet after the target. In the ideal case the radius of
the central trajectory in B3T can be computed, but in practice there are small deviations
from the expected theoretical value. This is because B3T eectively sees any shifts in
the horizontal production angle due to horizontal shifts in the primary ion beam. The
misalignment of the rst quadrupole, Q1, introduces a dipole moment, which eectively
changes the needed strength of B3T. Another reason is that there is a lack of knowledge
of the possible misalignment between the T4 target station and B3T, because space lim-
itations prevented this important measurement to be performed when the alignment of
the H6 magnets were measured. Since the eective incident angle can dier from the the-
oretical incident angle, one has to compute the radius of curvature of the aligned reference
trajectory in B3T from the t. For the other dipole magnets the radius of curvature is
xed by the geometry of the beamline.
Some logically dierent quadrupole magnets have the same currents in the HTM mode.
This is the case for the three QNL quadrupoles Q4, Q8 and Q10. Another similar QNL
group is Q5, Q7 and Q9. The QTS quadrupoles Q6 and Q11 have also equal elds. The
eld in the rst quadrupole group, that is Q4, Q8 and Q10, has a small but signicant
eect on the width of the proles in W3Sy, W3Ty and W5Ty even for very small changes
in the eld, as was mentioned earlier. Since these magnet groups have a common current
it is justied to dene a common t parameter which scales the eld in them.
Another quadrupole strength parameter available in the t is a common scaling of the
QWL quadrupoles Q14 and Q15, which determine mainly the width of the W5Tx prole.
A third quadrupole eld t parameter is the strength of Q16, which aects the spotsize
in W5T. Normally only a few of all the available t parameters were actually used as free
parameters in the t.
In the beamtuning t one can select between using all wire chambers with nonzero en-
tries, or removing any number of wire chambers from the t. The t was performed by
computing the 
2
-sum between the simulated and measured beam proles and summing
over all included wire chambers according to
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where i runs over the wire chambers and j runs over the bins in each chamber. D
ij
is the
data from chamber i and wire j and S
ij
is the corresponding value from the simulation.
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Since the measured distributions and the model distributions are both binned the variance
for each bin is given by the sum of the entry in the measurement bin and the entry in the
simulation bin [70].
The shapes of the beam proles contain considerably more information than the mean
values of the beam proles. The mean values are also translated by the wirechamber
misalignments, which makes it harder to draw rm conclusions from them, even when
the wire chamber misalignments are corrected for, since the displacement of the wire
chambers with respect to the ideal trajectory is known only to a precison of 1 mm, see
Tab. 7.1. For this reason the t procedure is usually performed by computing the 
2
over
all possible shifts in the mean positions between the simulated proles and the measured
proles. For each wire chamber the minimum value of 
2
that is found is taken as the
result. In spite of the fact that the mean positions of the beam proles are completely
free in the t procedure, it turns out that in most cases the result of the t aligns the wire
chamber proles to the unshifted positions or introduces shifts of only 1 or 2 bins. It
is possible to x the mean positions of the beam proles, if wanted, but in general this
gives a much worse t than keeping them free, so this has hardly been used at all.
For the tting procedure the measured eÆciency corrected one-dimensional x- and y-
beam proles were used as input. If the wire by wire eÆciency correction could not be
performed due to HV-problems in some planes, then uncorrected beam proles had to
be used. An additional complication was that the eÆciency correction method could not
correct wires which show a very low eÆciency, because the binning is slightly dierent in
the correction and in the data. The values of the worst of these low eÆciency upstream
wires were interpolated from the neighbouring wires for two reasons. The rst one is that
these large uctuations in the distributions due to low eÆciency wires might distort the
result of the t procedure resulting in a biased acceptance value. The other reason is that
it is easier to compare the quality of dierent ts when the large contributions to the 
2
value have been removed. This problem occured mainly in W1T and W2Tx.
The t described here uses only the one-dimensional x- and y-beamproles, but some more
information about the beam shape could be put into the t in principle by computing
several projected x- and y-distributions from the measured two-dimensional beamproles
[71]. A few dierent x-distributions for the t could be generated in each wire chamber
by projecting the measured two-dimensional beamproles onto the x-axis for a set of
dierent y-values. Any wanted y-distributions could be computed in a corresponding
way. This has not been attemped, however, because the simpler method already works
satisfactorily. The possible advantage of the more complicated method would inevitably
be diminished by the diÆculty of interpreting a signicantly larger amount of distributions
with larger statistical uctuations and more diÆcult corrections for the ineÆciency of the
wirechambers.
The wire chamber hits were selected by using two cuts. The rst cut was to use only
events with a reasonable TOF-track by asking for a 
2
=ndf value less than 4.5 from the
TOF-t. The second cut was to exclude wire chambers with multiple hits by asking for
only one hit in each plane.
At low rigidities the beamline can be very sensitive to small current uctuations because
the relative errors on the magnet currents from the current supplies are larger than for
the high rigidities. Even if the H6 was tuned before commencing data taking to obtain a
standard setup with good transmission and centered beam proles, these current uctua-
tions might shift the beam so much that the transmission is less than optimal from the A
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part of the spectrometer to the B part with rather dierent beam proles as compared to
the normal well tuned situation. The widths of the beam proles can also dier because
of errors in the magnetic elds of the quadrupole magnets at low rigidities.
9.7 Results from the TURTLE ts
9.7.1 Misalignment studies
The possible problem due to the arbitrary choice of the downstream horizontal reference
point in the 1997 misalignment measurement can be studied with this tting program.
According to Tab. 6.1 only a few of the quadrupoles show a strong transmission loss due
to horizontal misalignments. The results from the three dierent horizontal misalignment
measurements are shown in Tab. 9.1 for these sensitive quadrupoles. It can be seen that
the results dier depending on the chosen reference points, which suggests a much larger
error for these numbers than the intrinsic accuracy of the measurement does. Comparing
the positions of the sensitive quadrupole magnets with the wire chamber positions in Tab.
9.1 shows the wire chambers where the biggest misalignment eects are expected. Eects
due to horizontal misalignments of Q1 and Q5 are therefore expected to be seen in W1T,
eects due to horizontal misalignments of the two Q7 quadrupoles should show up in
W2T and W2S and eects due to horizontal misalignments of the two Q9 should be seen
in W3S or W3T or as a transmission drop between B1 and W3T, when neglecting eects
due to the position of the trigger.
If the chosen downstream horizontal reference point has a large misalignment, then this
will show up as a systematic shift of the horizontal misalignments of all magnets between
the two reference points. This possible problem can be studied however, since the trans-
formation to the system where the reference point is aligned is a (unknown) rotation.
Since the angles are very small the rotation can be approximated by a linear shift of
the horizontal misalignments as a function of z. Making a set of simulations where the
horizontal misalignments were transformed with dierent values of a in
x
0
i
= x
i
+ az
i
+ b (9.2)
showed that the best t between the data and the measurements is obtained with a =
0 and b = 0. This result suggests that the reference point at the exit of Q11 is not
signicantly misaligned.
Turning o the misalignments, while still using a measured set of magnet currents and
the steering correction results in a worse agreement between the simulated and measured
beam proles when comparing with the same situation where the misalignments are used.
This result also suggests that the measured misalignments are at least approximately
correct.
9.7.2 Comparison of beam proles
There are some dierences in the beam proles from dierent data samples, even though
the basic features of the beam proles are the same in runs with dierent rigidities and
taken in dierent years. The changes in the W2Tx, W2Sx and W3Sx proles can be
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Magnet Date x
e
x
s
x
e
- x
s
mm mm mm
Q1 04 1 033 960320 -1.37 -1.56 0.19
970702 -2.69 -2.85 0.16
970722 -2.39 -2.52 0.13
Q5 04 1 096 960320 0.31 0.00 0.31
970702 -3.64 -3.31 -0.33
970722 -2.76 -2.38 -0.38
W1T
Q7 04 1 160 960320 0.70 0.20 0.50
970702 0.02 0.12 -0.10
970722 1.65 1.58 0.07
Q7 04 1 224 960320 -0.90 -0.40 -0.50
970702
970722 -2.39 -1.84 -0.55
W2T
W2S
B1
Q9 04 1 288 960320 -0.80 -1.00 0.20
970702
970722 -2.34 -2.94 0.60
Q9 04 1 352 960320 0.40 0.70 -0.30
970702
970722 -2.10 -1.39 -0.71
W3S
W3T
W4T
W5T
Table 9.1: The horizontal misalignments of the most sensitive quadrupoles from the d-
ierent misalignment measurements. The parameters x
e
and x
s
are the horizontal mis-
alignments at the entry and exit magnet faces. The downstream reference points were
chosen to be at the exit of Q5 at 96 m from T4 and at the exit of B9 for the results from
960320. In the results reported on 970702 the downstream reference point was chosen to
be at the exit of Q8 at 178 m from T4 (just behind W1T). For the results from 970722
the downstream reference point was chosen to be at the exit of Q11 at 371 m from T4 (in
front of B6).
attributed to changes in the eective angle of the incident beam. W2Tx is the wire
chamber where the eect is most strongly seen. The justication for this interpretation
can be seen from Fig. 9.5, where the W2Tx proles are shown for three dierent horizontal
incident angles.
The eective incident angle parametrized as the radius of curvature of the central aligned
trajectory in the B3T magnet is the single most important parameter that needs to be
tted in order to obtain agreement between the mesurements and the data. The mean
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Figure 9.5: Measured W2Tx proles as a function of the horizontal incident angle. The
graphs show the number of particles per 3 mm.
value of the tted R
B3T
values is 6 % larger than the theoretical value of 325 m for the
wobbling situation used in NA52.
Obtaining good agreement between the data and the simulation is much easier at rigidi-
ties of 100 and 200 GeV/c. An example of good agreement between the data and the
simulation is shown in Fig. 9.6 and Fig. 9.7. The largest eld correction used in this
example was 0.8 % for the eld in B6 and 0.4 % for the eld in the quadrupoles Q4, Q8
and Q10. A common result of all ts is that the eld in B6 needs to be scaled down by
roughly one % to center the proles horizontally in W4Tx and W5Tx. This result is so
consistent that it might suggest a problem with B6 or its current supply.
For rigidities of 40 GeV/c or lower, corrections of the magnetic elds of one to several %
are needed to obtain agreement between the measured and simulated proles. Fig. 9.8
and Fig. 9.9 show a comparison of data and simulation at 5 GeV/c, which is the most
diÆcult situation to simulate. The transmission to the B part of the spectrometer is so
low in this example that the statistical errors in W4T and W5T are large both in the
data and the simulation.
The agreement between the simulated and measured beam proles can roughly be classi-
ed in three dierent categories. First there are the wire chambers where the agreement
between the data and the model is good.
The second class consists of those wire chambers where the 
2
=NDOF computed for the
data and the simulation shows large values. This class usually consists of W3Sy, W3Ty,
W5Ty andW5Tx, where the beam is very narrow. The proles in W5Tx andW5Ty reect
mainly the image of the target when multiple scattering is not the dominating eect.
The proles in these two chambers do not really give hints about upstream acceptance
problems even if TURTLE cannot exactly reproduce these proles.
The most probable reason for the dierences in W3Sy and W3Ty, where the beam is
narrow are magnet current errors and remanence eects. The width and shape of these
narrow beam proles might depend to a small extent also on higher order eects and
fringe elds eects. In spite of the large 
2
=NDOF values this class of proles should not
necessarily be interpreted as indicating a big problem in the acceptance calculation, since
these narrow beam proles cannot be expected to yield big transmission losses downstream
of these wire chambers, if the beam is well centered in these wire chambers. The problem
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Figure 9.6: The measured and simulated horizontal beam proles at -200 GeV/c from
1994 data with TRG=A and target T4. The units on all x-axes are mm and the y-axes
show the number of particles / 3 mm. Data are shown with solid dots and the simulation
is drawn with lines. The hatched area is the absolute value of the dierence between the
data and the simulation. The dotted horizontal line is drawn at a height of 5 % of the
maximum data value.
Figure 9.7: The measured and simulated vertical beam proles at -200 GeV/c from 1994
data with TRG=A and target T4. The units on all x-axes are mm and the y-axes show
the number of particles / 3 mm. Data are shown with solid dots and the simulation is
drawn with lines. The hatched area is the absolute value of the dierence between the
data and the simulation. The dotted horizontal line is drawn at a height of 5 % of the
maximum data value.
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Figure 9.8: The measured and simulated horizontal beam proles at -5 GeV/c from 1994
data with TRG=A and target TNA52. The units on all x-axes are mm and the y-axes
show the number of particles / 3 mm. Data are shown with solid dots and the simulation
is drawn with lines. The hatched area is the absolute value of the dierence between the
data and the simulation. The dotted horizontal line is drawn at a height of 5 % of the
maximum data value.
Figure 9.9: The measured and simulated vertical beam proles at -5 GeV/c from 1994
data with TRG=A and target TNA52. The units on all x-axes are mm and the y-axes
show the number of particles / 3 mm. Data are shown with solid dots and the simulation
is drawn with lines. The hatched area is the absolute value of the dierence between the
data and the simulation. The dotted horizontal line is drawn at a height of 5 % of the
maximum data value.
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with these proles can however be interpreted as giving a hint of an upstream problem.
The third category of wire chambers has 
2
=NDOF values in between these two extremes
and it usually consists of W1Tx. The fact that the W1Tx distribution is not reproduced
by the simulation as accurately as the other ones, might suggest a remaining problem in
the very rst part of the spectrometer. The simulation gives a wider W1Tx distribution
than is seen in the data, this can be seen in Fig. 9.6.
Plotting the W1Tx distribution only with the help of W1Ty and W1Tv shows the eect
to be real and not to be due to an instrumental problem in W1Tx. This eect might
be explained by several reasons. An incident beam severly o axis gives a narrow W1Tx
prole, but this is usually at the expense of worse proles in the other horizontal proles.
Fitting W1Tx alone gives a better W1Tx prole at the expense of signicantly worse
proles in the other wire chambers, so this solution is not acceptable.
Varying some of the apertures between T4 and W1Tx cannot explain the narrow W1Tx,
prole, except that the Q5 aperture is seen to aect the W1Tx width. But there is no
reason to believe that there would be large aperture errors in the simulation.
Another possibility is an error in the horizontal misalignments of Q1{Q6. Table 9.1
shows that the quadrupoles aecting the acceptance most strongly due to horizontal
misalignments are Q1 and Q5. Varying the misalignment of Q1 does not improve the
W1Tx distribution, but varying the misalignment of Q5 by the order of one mm can
improve the width of W1Tx. This drops the acceptance by about 15 %.
Varying the quadrupole elds between T4 and W1Tx does not solve the problem, though
it can be seen that the largest improvements are obtained for Q1 and Q5.
The conclusion is that the W1Tx width might reect an error in the horizontal misalign-
ment of Q5, a eld error in Q1 or Q5 or a beam which is very o axis or a combination of
all these. The results of simple attempts to determine a better value of the misalignment
of Q5 have not been convincing however, so the nominal misalignments have been used
in the simulations.
The angular distributions before and after B5 can be computed from the data with E-
q. (7.2) and compared with the angular distributions obtained from the simulation. The
horizontal angles are shown in Fig. 9.10 and the vertical ones are shown in Fig, 9.11. It
can be seen that the agreement is very good.
The Æ distribution at W3S can be computed with Eq. (7.6) and then compared with the
simulated distribution. Fig. 9.12 shows the agreement for this example to be good. Both
distributions turn out to be slightly asymmetric. Simulations with the ideal situation
without any misalignments shows that the Æ distribution is symmetric and more or less
constant over the full length of H6. This asymmetry shows that the used wobbling and
beam tuning cannot fully correct for the misalignments and that some acceptance is lost
compared with the ideal situation.
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Figure 9.10: The measured and simulated horizontal angular proles at -200 GeV/c from
1994 data with TRG=A and target T4. The units on all x-axes are mrad and the y-
axes show the number of particles / 0.12 mrad. Data are shown with solid dots and the
simulation is drawn with lines. The simulation has been aligned to the data by shifting
by 1 or 2 bins.
Figure 9.11: The measured and simulated vertical angular proles at -200 GeV/c from
1994 data with TRG=A and target T4. The units on all x-axes are mrad and the y-
axes show the number of particles / 0.12 mrad. Data are shown with solid dots and the
simulation is drawn with lines. The simulation has been aligned to the data by shifting
by 0 or 1 bins.
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Figure 9.12: The measured and simulated fractional momentum deviation at -200 GeV/c
from 1994 data with TRG=A and target T4. The units on the x-axis is % and the y-axis
shows the number of particles / 0.12 %. Data are shown with solid dots and the simulation
is drawn with lines. The simulation has been aligned to the data by shifting by 1 bin.
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The acceptance of H6
10.1 Computing the acceptance
Generally terms in physics have only one meaning, but the acceptance is an exception,
because it has two dierent, but related meanings. The more general meaning of the
word acceptance is the average detection eÆciency, a of an experiment [72]. The word
acceptance can also mean the purely geometric acceptance, a
g
of an experiment. The
acceptance in the sense of the average detection eÆciency can be dened as follows. If N
events occurred and out of these M were observed, then the acceptance, a can be dened
as giving the relation of the expectation values of M and N ,
E(M) = aE(N): (10.1)
The acceptance can be considered in a small region of phase space or as a function of
one or several variables. The acceptance depends on any processes that lead to the loss
of events in the detector. The acceptance depends also on any physical processes which
remove particles from the beam, such as hadronic and electromagnetic interactions and
decays. At low rigidities the most important electromagnetic interaction in the NA52 case
is the multiple scattering.
If an event is characterized by a vector x = (x
1
; x
2
; :::; x
D
), where x
i
are physical variables
like the momenta of the particles, their positions and so on, then these random variables
follow the probability distribution function
f(x)d
D
x =
F (x)d
D
x
R
V
F (x)d
D
x
; (10.2)
where V is the allowed region for the physical variables x. The integral should in general
be understood to include a sum over any discrete variable also [72]. Here F (x) is the non-
normalized density given by the experimental conditions like beam target, beam intensity
and so on. It is proportional to the dierential cross section, but for a small enough phase
space the cross section drops out of the normalized distribution f(x).
If (x) is the total detection eÆciency for an event with the physical variables x, then the
acceptance is the expectation value of (x):
a =
Z
V
(x)f(x)d
D
x: (10.3)
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Let 
d
be a constant overall detection eÆciency and 
g
the purely geometric eÆciency so
that if the particles hit the detector then 
g
= 1 and otherwise 
g
= 0. If (x) can be
factorized to a suÆciently good approximation by
(x) = 
g
(x)
d
; (10.4)
then
a = a
g

d
; (10.5)
with the geometric acceptance
a
g
=
Z
V

g
(x)f(x)d
D
x: (10.6)
The meaning of the word acceptance,  in this work, is dened in Eq. (3.10). This is a
geometric acceptance, but not normalized to a dimensionless number, like in Eq. (10.6).
The acceptance is explicitly a function of the solid angle subtended by the H6 beamline
and the fractional momentum spread that it can transport. This solid angle is a very small
quantity in the case of the H6 beamline, so we can take the cross section to be constant
over the acceptance. This means that we do not distinguish between the dierent regions
of phase space where the particles are coming from. Implicitly the acceptance also depends
on the spot-size at the target and the position l from the target where the acceptance is
calculated, so the acceptance depends in fact on all of the six variables introduced in Eq.
(5.3). The factors dening the acceptance have been discussed at the beginning of the
previous chapter.
There are several methods to compute  from a Monte Carlo simulation. One is to
introduce an explicit binning in x, x
0
, y, y
0
and Æ over the initial phase space counting the
fractional number of particles that survive up to the subdetector at the position l from
the target. The acceptance can then be computed by integrating x
0
, y
0
and Æ over this
function [28].
A much more accurate and simpler method to compute the acceptance is to avoid the
explicit binning and compute all necessary integrals with the hit or miss Monte Carlo
integration method [73]. One generates N particles uniformly in the initial x
0
y
0
Æ-phase
space, so that the subvolume
^
V
3
, is larger than the acceptance of the beamline. Of the N
generated particles M
l
will be seen in the detector positioned at l metres from the target.
The acceptance, 
l
at the position l metres from the target is then calculated from

l
=
^
V
3
M
l
N
det(J): (10.7)
Here det(J) is the Jacobi determinant of the transformation from the variables x
0
and y
0
,
that TURTLE uses to the angles  and , in which the acceptance is expressed. The value
of det(J) diers from unity only by 10
 5
in the region of interest here so it can safely be
approximated to unity [28].
Now M
l
is a random variate, which is distributed binomially. The variance of M
l
is then
given by

2
= Np(1  p); (10.8)
with p = M
l
=N . The relative statistical error of the acceptance in percent is then given
by

l
= 100
s
1
M
l
 
1
N
: (10.9)
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R

C1 CEDAR

C2 B1 W3T B2 W5T
-200 143 11560 139 4.530.63% 4.380.64% 4.380.64% 4.380.64%
100 309 11540 494 4.520.63% 4.340.64% 4.340.64% 4.340.64%
+100 1112 11520 502 4.530.63% 4.350.64% 4.340.64% 4.340.64%
+100 2059 11520 1999 4.510.63% 4.320.64% 4.310.64% 4.310.64%
Table 10.1: The ideal acceptance in 1994 for target T4. At high rigidities the small
variation of material in the beamline due to dierent

Cerenkov pressures does not change
the acceptance. The rigidity unit is GeV/c and the

Cerenkov pressures are given in mbar.
The unit of the acceptance is sr% and only statistical errors are shown.
R

C01 CEDAR

C2 B1 W3T B2 W5T
-200 130 11570 130 4.510.63% 4.370.64% 4.360.64% 4.360.64%
Table 10.2: The ideal acceptance in 1995 for target T4. The rigidity unit is GeV/c and
the

Cerenkov pressures are given in mbar. The unit of the acceptance is sr% and only
statistical errors are shown.
In a similar way one can compute the solid angle acceptance or the momentum acceptance.
To compute the solid angle acceptance one generates monochromatic rays with a wide
initial angular opening. It is then given by

l

=
^
V
2
M
l
N
; (10.10)
where
^
V
2
is the initial angular area where the particles are generated. This area must
again be chosen to be larger than the solid angle acceptance. Again M
l
is the number of
particles seen in the detector and N is the number of particles that was initially generated.
Exactly in the same way we have that the momentum bite, 
lÆ
can be computed from

lÆ
=
^
V
1
M
l
N
; (10.11)
when a pencil beam is generated with a wide interval in Æ.
Traditionally the acceptance has been calculated for the NA52 spectrometer including the
eects of multiple scattering, while the eects of nuclear interactions have been put in
by hand in the cross section calculations. This is why the acceptance is given here also
without the eects of nuclear interactions.
10.2 The ideal acceptance of the H6 beamline
Computing the acceptance using the nominal magnet elds while neglecting the magnet
misalignments and beam steering gives the theoretical upper limit for the acceptance. This
approximation to the more realistic case is called the ideal acceptance in the following. The
ideal acceptance has been calculated for most of the settings used in the NA52 runs. These
can be classied according to target, rigidity and detector setup. Since the detector setup
was slightly changed in dierent years by adding detector material in the beamline and
moving some detectors the acceptance can be expected to dier also between the dierent
setups. Results for these calculations are shown in Tab. 10.1{10.5. The pressures in the
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R

C1 CEDAR

C2 B1 W3T B2 W5T
+200 501 11502 500 4.010.67% 3.890.68% 3.890.68% 3.890.68%
-40 205 12484 2868 3.950.68% 3.720.70% 3.690.70% 3.690.70%
40 205 12484 795 3.950.68% 3.720.70% 3.690.70% 3.690.70%
+40 205 12488 2978 3.950.68% 3.720.70% 3.690.70% 3.690.70%
40 205 10305 203 3.950.68% 3.720.70% 3.690.70% 3.690.70%
20 800 10855 1955 3.770.69% 3.260.75% 3.000.78% 2.980.79%
10 1039 13066 1001 3.290.75% 2.200.93% 1.481.14% 1.361.19%
10 302 13025 1000 3.320.74% 2.450.88% 1.711.06% 1.581.10%
5 1004 13018 999 2.180.29% 0.760.51% 0.260.87% 0.171.08%
Table 10.3: The ideal acceptance in 1994 for target TNA52. The rigidity unit is GeV/c
and the

Cerenkov pressures are given in mbar. The unit of the acceptance is sr% and
only statistical errors are shown.
R

C01 CEDAR

C2 B1 W3T B2 W5T
40 200 12484 800 3.430.73% 3.230.75% 3.210.76% 3.210.76%
20 810 11578 2000 3.260.75% 2.730.83% 2.490.87% 2.470.87%
Table 10.4: The ideal acceptance in 1995 for target TNA52. The rigidity unit is GeV/c
and the

Cerenkov pressures are given in mbar. The unit of the acceptance is sr% and
only statistical errors are shown.

Cerenkov counters have been noted in these tables, but it is only at the lowest rigidities
that the

Cerenkov pressures aect the acceptance, see Tab. 10.3. The ratio of the largest
acceptance value to the lowest acceptance value presented here is approximately 27.
Particle identication in NA52 depends strongly on the TOF-t. Therefore the most
interesting places to know the acceptance is of course at the TOF-planes where also the
WnT wire chambers are situated and at the trigger counters.
The addition of more material in the beamline aects the acceptance signicantly only at
rigidities below 40 GeV/c, see Tab. 10.6 and 10.7.
The acceptance for particles coming from TNA52 is smaller than for those coming from
T4 because TNA52 is upstream of T4, see Tab. 10.8. The change in position of TNA52 in
1995 decreased slightly the acceptance of particles from TNA52, see Tab. 10.9 and 10.10.
Ideal acceptance values for H6 were calculated in [28, 74]. The values presented here
dier from the previous results because of a more accurate multiple scattering formula
and because of a more accurate magnet aperture simulation.
R

C01 CEDAR

C2 B1 W3T B2 W5T
+200 105 12423 105 3.470.73% 3.370.74% 3.370.74% 3.370.74%
+100 130 11488 550 3.460.73% 3.350.74% 3.350.74% 3.350.74%
-40 845 12423 855 3.380.74% 3.130.77% 3.090.77% 3.090.77%
-40 200 12423 855 3.400.73% 3.200.76% 3.180.76% 3.180.76%
Table 10.5: The ideal acceptance in 1996 for target TNA52. The rigidity unit is GeV/c
and the

Cerenkov pressures are given in mbar. The unit of the acceptance is sr% and
only statistical errors are shown.
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R

C(0)1 CEDAR

C2 
95
B1
=
94
B1

95
W3T
=
94
W3T

95
B2
=
94
B2

95
W5T
=
94
W5T
200 0.8 11.6 0.8 1.00 1.00 1.00 1.00
100 0.8 11.6 0.8 1.00 0.99 0.99 0.99
40 0.8 11.6 0.8 0.99 0.98 0.98 0.98
20 0.8 11.6 0.8 0.99 0.95 0.93 0.93
10 0.8 11.6 0.8 0.96 0.86 0.81 0.81
5 0.8 11.6 0.8 0.87 0.67 0.52 0.53
Table 10.6: The ratio of the ideal acceptances 1995/1994 for constant pressures and
without hadronic interactions for target T4 for the 1995 spot-size. The rigidity unit is
GeV/c and the

Cerenkov pressures are given in bar.
R

C(0)1 CEDAR

C2 
96
B1
=
94
B1

96
W3T
=
94
W3T

96
B2
=
94
B2

96
W5T
=
94
W5T
200 0.8 11.6 0.8 1.00 1.00 1.00 1.00
100 0.8 11.6 0.8 1.00 0.99 0.99 0.99
40 0.8 11.6 0.8 0.98 0.97 0.96 0.96
20 0.8 11.6 0.8 0.94 0.90 0.87 0.87
10 0.8 11.6 0.8 0.85 0.75 0.68 0.67
5 0.8 11.6 0.8 0.60 0.46 0.36 0.41
Table 10.7: The ratio of the ideal acceptances 1996/1994 for constant pressures and
without hadronic interactions for target T4 for the 1995 spot-size. The rigidity unit is
GeV/c and the

Cerenkov pressures are given in bar.
In the rst line of Tab. 10.15 the ideal acceptance for the lter mode is shown. These
numbers can be compared to the rst line of Tab. 10.1 and the rst line of Tab. 10.3.
It can be seen in the ideal case that the acceptance up to TOF3 is larger in FM than in
HTM, but the acceptance to TOF5 is larger in the HTM, in accordance with the name
high transmission mode.
10.3 The acceptance of the H6 beamline
The previously described tests between the data and the Monte Carlo model show that the
basic features of H6 can be reproduced by TURTLE. The acceptance has been calculated
in exactly the same way as the ideal acceptance, with the exception that misalignment
and steering eects have been included and the magnet currents have been taken from
actual measured runs and corrected with the methods described in the previous chapter.
The currents of the H6 magnets were read out from the NODAL system in the so called
Non Standard Block and written once for each run on the raw data tapes. In 1994 the
currents for the three wobbling magnets B1T, B2T and B3T, were not available in the
R

C(0)1 CEDAR

C2 
TNA52
B1
=
T4
B1

TNA52
W3T
=
T4
W3T

TNA52
B2
=
T4
B2

TNA52
W5T
=
T4
W5T
200 0.8 11.6 0.8 0.89 0.89 0.89 0.89
Table 10.8: The ratio of the ideal acceptances TNA52/T4 in 1994 for constant pressures
and without hadronic interactions for the 1995 spot-size. The rigidity unit is GeV/c and
the

Cerenkov pressures are given in bar.
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R

C(0)1 CEDAR

C2 
95
B1
=
94
B1

95
W3T
=
94
W3T

95
B2
=
94
B2

95
W5T
=
94
W5T
200 0.8 11.6 0.8 0.87 0.87 0.87 0.87
Table 10.9: The ratio of the ideal acceptances 1995/1994 for constant pressures and
without hadronic interactions for target TNA52 for the 1995 spot-size. The rigidity unit
is GeV/c and the

Cerenkov pressures are given in bar.
R

C(0)1 CEDAR

C2 
96
B1
=
94
B1

96
W3T
=
94
W3T

96
B2
=
94
B2

96
W5T
=
94
W5T
200 0.8 11.6 0.8 0.87 0.87 0.87 0.87
Table 10.10: The ratio of the ideal acceptances 1996/1994 for constant pressures and
without hadronic interactions for target TNA52 for the 1995 spot-size. The rigidity unit
is GeV/c and the

Cerenkov pressures are given in bar.
R B1 W3T B2 W5T
GeV/c sr% sr% sr% sr%
-200 3.87
0:68%
11:5%
3.72
0:70%
9:5%
3.68
0:70%
20:1%
3.68
0:70%
20:1%
+100 3.68
0:70%
11:6%
3.55
0:72%
9:6%
3.35
0:74%
20:2%
3.35
0:74%
20:2%
-100 3.58
0:71%
11:6%
3.47
0:73%
9:6%
2.96
0:79%
20:4%
2.96
0:79%
20:4%
Table 10.11: The acceptance in 1994 for target T4. The upper errors are statistical and
the lower errors are systematic.
R B1 W3T B2 W5T
GeV/c sr% sr% sr% sr%
+200 3.48
0:72%
11:5%
3.33
0:74%
9:5%
3.33
0:74%
20:1%
3.33
0:74%
20:1%
+10 2.67
0:42%
12:1%
1.71
0:53%
11:3%
0.0704
2:66%
34:8%
0.0566
2:97%
35:8%
-10 2.04
0:48%
12:8%
1.48
0:57%
12:0%
0.0705
2:66%
39:3%
0.0516
3:11%
42:5%
+5 1.38
0:63%
15:6%
0.444
1:13%
18:6%
0.0486
3:43%
29:3%
0.0277
4:54%
31:3%
-5 1.53
0:60%
15:4%
0.515
1:05%
18:5%
0.0609
3:06%
30:2%
0.0361
3:98%
32:3%
Table 10.12: The acceptance in 1994 for target TNA52. The upper errors are statistical
and the lower errors are systematic.
R B1 W3T B2 W5T
GeV/c sr% sr% sr% sr%
-200 3.86
0:68%
11:5%
3.66
0:70%
9:6%
3.65
0:71%
20:1%
3.65
0:71%
20:1%
Table 10.13: The acceptance in 1995 for target T4. The upper errors are statistical and
the lower errors are systematic.
R B1 W3T B2 W5T
GeV/c sr% sr% sr% sr%
+40 3.04
0:78%
11:7%
2.82
0:81%
9:7%
2.76
0:82%
20:2%
2.76
0:82%
20:2%
-40 3.00
0:78%
11:6%
2.80
0:81%
9:7%
2.76
0:82%
20:2%
2.76
0:82%
20:2%
+20 2.78
0:82%
11:7%
2.30
0:90%
10:0%
1.91
1:00%
20:9%
1.85
1:01%
21:1%
-20 2.54
0:86%
11:8%
2.17
0:93%
10:1%
1.89
1:00%
20:7%
1.73
1:05%
21:0%
Table 10.14: The acceptance in 1995 for target TNA52. The upper errors are statistical
and the lower errors are systematic.
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R B1 W3T B2 W5T
GeV/c sr% sr% sr% sr%
+200 5.040:59% 4.940:60% 3.200:76% 3.200:76%
+200 4.220:65% 4.070:66% 3.040:78% 3.040:78%
Table 10.15: The lter mode acceptance in 1994 for target T4. The errors are statistical.
The upper line shows the ideal case and the lower line is computed including misalignment
eects.
Non Standard Block however. For the simulation only the value of B3T has to be known.
At -200 GeV/c the current in B3T was 1386,4 A [75] and the values for the other rigidities
were extrapolated from this value with the BLI program [76] for the simulations.
In 1995 slightly more information about the beam at the target region was available than
in 1994. The information from the BSI and BSM SEM counters were written to tape for
each SPS spill and the currents for the three T4 wobbling magnets were written to tape
once for each run, so the measured B3T current was available instead of the extrapolated
one.
The rst part of the NA52 spectrometer is rather stable with measured TOF3/TOF0
transmission variations of the order of a percent at 20 GeV/c and higher rigidities. At
the lower rigidities the transmission variations are in the expected range due to the nite
magnet current precisions. This means that it is enough to select one run for each setting
for the TURTLE t procedure and compute the acceptance for this setting, instead of
performing the t procedure separately for each run that has been made and summing
over the runs.
The transmission to part B of the spectrometer shows variations in the transmission,
especially at the low rigidities 5 GeV/c and 10 GeV/c, but for these runs the cross
sections are measured at B1 and TOF3, so the low transmission to TRGB does not really
matter. At the higher rigidities, where the pions are identied with the calorimeter,
the transmission to TRGB is very stable, with the exception of -20 GeV/c, where the
transmission showed uctuations of the order of 20 %. The most accurate way to compute
the acceptance at TOF5 in this case is to scale the computed TOF3 acceptance with the
measured transmission from TOF3 to TOF5.
The computed acceptance values are shown in Tab. 10.11 { 10.14. It is interesting to
compare these values to the ideal acceptance calculations, this is shown in Tab. 10.16.
It can be seen that the imperfections of the beamline lead to acceptance losses of the
order of 15 % { 20 % compared to the ideal situation. At 10 GeV/c and 5 GeV/c the
losses are even greater, because the larger beam is more susceptible to imperfections in
the beam tuning and to misalignment eects.
In the second line of Tab. 10.15 the acceptance for the lter mode is shown, including
misalignment eects. As in the ideal case the acceptance up to TOF3 is larger in the FM
than in the HTM, but the situation is reversed at TOF5.
The ratios at B2 and TOF5 show clearly that at 5 GeV/c and 10 GeV/c there was
a large drop in the transmission between TOF3 and B2. This was because in some
cases the current in B5 or B6 or both, were not tuned accurately enough. Because the
beam was at the edge of the acceptance the transmission was very susceptible to small
current variations or variations of the position of the incident beam on the target. The
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R Target Year B1 W3T B2 W5T
GeV/c
-200 T4 1994 0.854 0.849 0.840 0.840
-200 T4 1995 0.856 0.838 0.837 0.837
+100 T4 1994 0.814 0.818 0.772 0.772
-100 T4 1994 0.792 0.800 0.682 0.682
+200 TNA52 1994 0.868 0.856 0.856 0.856
+40 TNA52 1995 0.886 0.873 0.860 0.860
-40 TNA52 1995 0.875 0.867 0.860 0.860
+20 TNA52 1995 0.853 0.842 0.767 0.749
-20 TNA52 1995 0.779 0.795 0.759 0.700
+10 TNA52 1994 0.812 0.777 0.048 0.042
-10 TNA52 1994 0.620 0.673 0.048 0.038
+5 TNA52 1994 0.633 0.584 0.187 0.162
-5 TNA52 1994 0.702 0.678 0.234 0.212
Table 10.16: The ratio of the realistic acceptance to the ideal acceptance.
Figure 10.1: Computed transmission to W5T as a function of the current in B5 and B6
at 200 GeV/c, including misalignment and steering eects.
10 GeV/c data sample shows a time dependent variation in the transmission from TOF3
to B2, which is most probably just due to the normal current uctuations exhibited by
the current supplies. The transmission in the last part of H6 depends very strongly on
the currents in B5 and B6, see Fig. 10.1. If the eld in these dipoles is o by 1%, then
the transmission is almost zero. For B5 the limiting apertures are those of Q11, B6 and
TR3(4). In the case of B6 the losses are due to the apertures of Q13, Q14 and Q15.
As was already mentioned in the previous chapter, in all the simulated runs it was found
that the measured B6 current had to be scaled by a factor between 0.991 and 0.994 to
obtained the correct mean of the W5Tx distribution. This is seen in the plot as well. This
could be interpreted as an eect due to a imprecisely measured quadrupole misalignment
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R Year B1 W3T B2 W5T

I

a

m

I

a

m

I

a

m

I

a

m
GeV/c % % % % % % % % % % % %
+200 1994 0.3 0.8 0.1 0.3 0.7 0.1 0.3 0.7 0.1 0.3 0.7 0.1
-200 1994 0.4 0.7 0.2 0.4 0.7 0.3 0.4 0.8 0.3 0.4 0.8 0.3
-200 1995 0.4 1.0 0.2 0.4 1.0 0.1 0.3 1.0 0.1 0.3 1.0 0.1
+100 1994 0.5 1.2 0.1 0.6 1.0 0.3 1.1 2.5 0.1 1.1 2.5 0.1
-100 *1994 1.5 1.4 0.1 1.5 1.3 0.2 2.5 3.5 0.5 2.5 3.5 0.5
+40 1995 1.3 1.0 0.1 1.4 0.9 0.2 1.4 0.8 0.5 1.4 0.8 0.5
-40 *1995 2.4 1.1 0.4 2.2 1.0 0.4 2.4 1.0 0.5 2.4 1.0 0.5
+20 1995 2.0 0.8 0.5 2.2 0.8 2.0 3.2 2.3 4.2 3.1 2.5 4.9
-20 *1995 3.4 1.0 1.1 3.8 0.9 2.6 7.6 1.1 3.9 11.0 1.9 5.0
+10 1994 2.8 1.6 1.6 3.4 2.0 4.7 18.9 21.0 3.2 20.7 21.2 2.5
-10 1994 5.4 1.4 1.2 6.0 1.5 3.9 25.6 21.9 2.3 28.1 23.6 1.4
+5 1994 9.1 1.7 5.1 9.8 2.3 12.5 11.6 6.5 16.7 13.2 7.5 18.6
-5 1994 9.0 1.0 4.8 9.3 1.5 12.7 14.5 7.0 15.8 15.0 8.7 18.4
Table 10.17: The systematic errors of the acceptance. A common error due to the un-
certainty of the misalignment of Q5, included in the acceptance tables, has been omitted
here. 
I
is the uncertainty due to the current uctuations in the quadrupole magnets,
except for the rows marked with *, where dipole current uctuations have been included.

a
is the uncertainty due to the precision of the misalignment measurement and 
m
is
the uncertainty due to a 10 % variation in the material thickness in the beamline.
or it could be due to the sum of all remaining discrepancies between the data and the
simulation at TOF3, or it could signal that the eld in B6 is really weaker as a function
of current than assumed by the BLI model. With the present data it is not possible to
determine which hypothesis, if any of these, is true.
An attempt to compute better acceptance estimates from the ideal acceptance values was
done in [36]. Corrections to the ideal H6 acceptance values from [28] were calculated
by extracting correction factors for the seen discrepancies between the widths of the
simulated and measured beamproles. The problem with this method is that it does not
give the correct results if the discrepancy in the beam proles stems from other factors
than acceptance losses. This method does not give the systematic acceptance errors. The
acceptance values obtained here dier from the corrected ideal results on average by 15 %,
so the simple method of extracting correction factors from the data worked surprisingly
well.
10.4 The systematic errors of the acceptance
The errors aecting the acceptance are:
 Problems with reproducing the W1Tx prole.
 Errors on the set magnet currents 0.2 A and uctuations of the set currents of the
order of 0.2 A have been used here, because of lack of a better estimate of the current
errors. A more accurate value would be dI=I  (0:5A=I + 10
 3
) [68]. Additionally
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there might be a small error on the eld parametrization in BLI. But the other errors
are so much larger that this possible error source can not be seen in the NA52 data
as has been discussed already earlier.
 Uncertainty of the amount of material in the beamline and the error of the simulation
of multiple scattering.
 Uncertainty of the misalignment measurements, 0.2 mm per magnet in each plane.
For computing the systematic errors due to the nominal precision of the misalignments 60
TURTLE simulations were performed and in each simulation the misalignment values for
each magnet in each coordinate were varied by a random amount between -0.2 mm and
0.2 mm. The error was computed from the standard deviation of the acceptance variation
in this set of simulations. It can be seen from the results in Tab. 10.17 that this eect is
almost independent of the rigidity and a rather small eect if the beam was well tuned.
In a similar way the acceptance error due to the current variations has been computed.
The precision of the magnet currents of 0.2 A has been added in square to the value of
0.2 A which represents the seen variations in the currents. The resulting value, 0.28 A,
has been used in calculating the standard deviation of the acceptance variation in a set
of 60 TURTLE simulations. The tuning of the beamline eectively cancels the eects
of the uncertainty of the set magnet currents in the dipole magnets, so the systematic
error has been considered to depend only on uctuations in the quadrupole magnets.
Comparison of the measured transmission variations at B1 with the computed variations
shows that inclusion of the dipole magnet current variations lead to overestimated errors.
The errors due to the current uncertainties are also shown in Tab. 10.17. A few of the
points in Tab. 10.17 actually show the acceptance errors due to current variations in
both the dipole magnets and the quadrupole magnets. If the more realistic current errors
mentioned previously would have been used, then the total error results would change
signicantly only for the  10 GeV/c and  5 GeV/c simulations where the current error
is the dominant error contribution. The total B1 error at -5 GeV/c would increase from
15,4 % to 21,9 %, if one assumes that the current error would be doubled if the larger
current errors were used.
Simulations with each material length scaled by +10 % and by -10% were also performed
to get an estimate of the acceptance variation due to this eect. This is used to represent
the uncertainty of the amount of material in the beamline and the error in the multiple
scattering routine, see Tab. 10.17.
As was mentioned in the previous chapter the simulation results in a too wide W1Tx
distribution. To quantify the possible systematic acceptance error due to this eect the
misalignment of Q5 was varied by 1 mm and the average acceptance variations at B1,
W3T, B2 and W5T were found to be 11.5 %, 9.5 %, 20.1 % and 20.1 % at 100 GeV/c.
This is the largest contribution to the systematic error on the acceptance at rigidities
of 20 GeV/c or larger. The systematic errors quoted in Tab. 10.11 { 10.14 have been
computed by adding in square the Q5 error estimates and the error estimates shown
above.
The measured and simulated proton transmission ratios have been used to check the
accuracy of the simulation, see Tab. 10.18 and Tab. 10.19. The tables show the ratio
TURTLE/data for the measured and simulated transmission ratios TOF3/B1, B2/TOF3
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R TOF3/B1 B2/TOF3 TOF5/B2
GeV/c
+5 1.047  0.037 1.120  0.118 0.925  0.166
+10 1.026  0.011 1.053  0.038 0.971  0.070
+20 1.050  0.015 1.051  0.017 1.003  0.018
+40 1.008  0.015 1.079  0.017 0.998  0.017
Table 10.18: TURTLE/Data transmission ratios for positive rigidities. The errors are
statistical only.
R TOF3/B1 B2/TOF3 TOF5/B2
GeV/c
-5 1.101  0.116 1.160  0.373 0.866  0.423
-10 1.032  0.083 1.023  0.303 1.104  0.537
-20 1.062  0.022 1.190  0.028 0.999  0.028
-40 1.114  0.023 0.899  0.019 0.998  0.022
Table 10.19: TURTLE/data transmission ratios for negative rigidities. The errors are
statistical only.
and TOF5/B2 and the corresponding statistical errors. This test can be performed for the
NA52 data for rigidities from -40 GeV/c to +40 GeV/c, where the time resolution of the
TOF-t allows for proton identication in the detectors of interest. For these simulations
the eects of hadronic interactions have been included. In NA56 more extensive tests were
made where the proton identication was done with the help of the

Cerenkov counters

C0 and

C1, but because NA56 used the FM instead of the HTM and closed collimators
instead of open ones a direct comparison is not easy to interpret.
At 5 GeV/c and 10 GeV/c the time resolution of the TOF-t is good enough to
separate the protons from the lighter particles, so it is easy to select a sample of protons
for the transmission comparison. At 20 GeV/c and 40 GeV/c the proton distribution
overlaps with the lighter particles. At 20 GeV/c a simple cut in the distribution is
enough to select a sample of protons.
The +40 GeV/c data sample from 1995 was taken with the upstream

Cerenkov counters

C0 and

C1 set between pions and kaons. The kaon peak was tted with a Gauss distribu-
tion which was subtracted from the overlapping mass distribution of protons and kaons to
extract the number of protons. Since the majority of the heavy particle spectrum selected
with the

Cerenkov information is protons this worked well.
The same method was applied to the -40 GeV/c data sample from 1995 to extract the
number of antiprotons for the transmission comparison. The majority of the heavy particle
spectrum selected with the

Cerenkov information is kaons, which makes the extraction of
the antiprotons more diÆcult than in the previous case.
It can be seen from Tab. 10.18 and 10.19 that the agreement between the simulation
model and the data is fairly good, but it should be noted that some of the statistical
errors are rather large. This is because only the statistics from one run were used for each
comparison and the limited statistics were even further diminished in some cases because
of the beam tuning problem between TOF3 and B2.
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In most cases TURTLE predicts a larger transmission than what is seen in the data.
TOF5/B2 is the best reproduced ratio at 20 GeV/c and 40 GeV/c. The discrepancies
in the ratio B2/TOF3 can be attributed to several causes. One reason is of course the beam
tuning problem at 5 GeV/c and 10 GeV/c. In the badly tuned cases the transmission
loss from TOF3 to B2 depends very strongly on the mean position of the beam and on
the detailed shape of the beam at TOF3. In the normal well tuned case the systematic
errors aecting this comparison come from uncertainties in the hadronic cross sections and
uncertainties in the number of identied protons due to the limited TOF-resolution. The
latter eect is the reason why at -40 GeV/c the transmission ratio B2/TOF3 is less than
1.0. TURTLE does not reproduce the tails that are seen in the measured wire chamber
distributions but this can explain only dierences of the order of a percent.
The small systematic discrepancy between the measured and simulated B2/TOF3 trans-
mission ratios that was seen in NA56 [66] is not seen in this comparison because the
statistical and systematic errors are larger in the NA52 data. The discrepancies in this
comparison are larger and show a random behaviour. The collimated NA56 beam was
narrow and therefore less susceptible to geometric problems than the uncollimated NA52
beam. But it should be noted that the FM has a lower transmission to B2 and TOF5
than the HTM, because of the large horizontal angular displacement at the position of
the CEDAR, so this eect will increase the sensitivity of the beam to disturbances after
TOF3. In NA56 the beam tuning was much better between TOF3 and B2 than in NA52.
The proton identication in NA56 for the transmission tests was also more accurate be-
cause it relied on the

Cerenkov counters

C0 and

C1 instead of on the TOF-t. But it
should be noted that in NA56 the magnet misalignments were not used and that the
steering of the dipoles were also not used in the simulations. This might explain part of
the problem seen in NA56, since if the beam is close to the edge of the acceptance or if the
shape of the beam is dierent in the simulation and the data, then small eld uctuations
can accomplish large transmission variations after TOF3 and it is diÆcult to compute
accurately with TURTLE the acceptance at TOF5. Since the transmission from TOF3 to
TOF5 can easily be measured in the data, then the simplest way of computing the TOF5
acceptance is to scale the TOF3 acceptance by the measured transmission from TOF3 to
TOF5. This method was used in NA56 for those measurements that needed the B-part
of the spectrometer for particle identication.
A set of runs were made at the very beginning of the 1994 ion run period to study the
production of nuclear fragments in Pb-Pb collisions [35]. The measurements were made
at a rigidity of +200 GeV/c using the TNA52 targets with a global trigger AB. In this
situation the acceptance at TOF5/W5T is the one of interest. These data can also be
used for a crude transmission comparison.
In the simulation the transmission TRGB/TRGA turns out to be 0.8677 for protons, when
the nuclear interactions are included in the simulation. This number should be corrected
by the eÆciency of TRGB, that is 0.98 %. From the scaler information the transmission
TRGB/TRGA is 0.8423, when bad spills are excluded. Most of the triggering particles are
actually pions out of which 2 % are expected to decay. If one makes the approximation
that the transmission loss due to nuclear interactions is roughly equal for protons and
pions then the two transmissions can be compared and they are found to be 0.8333 from
the simulation and 0.8423 from the scaler information. The agreement is very good in
this case between TURTLE and the data.
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The acceptance has been calculated for protons. For the lowest used momenta there will
be a small error due to the mass dependence in the multiple scattering. This eect is
typically smaller than 0.1 %, so it can safely be neglected.
Chapter 11
Results
11.1 Particle production
The acceptance results from the previous chapter have been used to compute new inclusive
production cross sections of 

, K

, p, p, d,

d, t,
3
He, ,
6
Li and
7
Be as a function of
rapidity, y, in PbPb collisions at 158A GeV/c using Eq. (3.12). The rapidity is dened by
y = tanh
 1

p
z
E

. This variable is convenient because of its simple transformation under a
Lorentz transformation. The shape of a rapidity distribution is preserved under a Lorentz
transformation, only the mean position of the distribution on the rapidity axis is shifted.
These cross section results are shown in Tab. 11.1 and 11.2 as well as in Fig. 11.1 and
11.2. The corresponding cross section ratios are shown in Tab. 11.3 and in Fig 11.3.
In the following only the statistical errors are shown. The largest contributions to the
systematic error come from the acceptance and from the correction for particles not coming
from the target. The total systematic errors of the acceptance are shown in Tab. 10.11
{ 10.14 and the individual contributions are shown in Tab. 10.17 and Sec. 10.4. The
systematic error due to the correction for particles coming from outside the target is
roughly 5% { 10% [77], so the total systematic error of the cross sections is then in the
interval 11 % { 23 %.
It should be noted that these measurements have been performed without any centrality
cut and that the results shown have not been corrected for secondary interaction in the
target, nor for contributions from -decays or -decays and their antiparticles.
An independent analysis has not been performed for obtaining the observed particle num-
bers, but instead the results from previous analyses have been used here [36, 77, 35].
The dierence between the cross sections presented here and the ones published in Paper I,
Paper II and Paper III are generally within the quoted total errors, except for the points
at 5 GeV/c.
11.2 The temperature measurement
Assuming the interaction volume V to be in thermal and chemical equilibrium and ap-
plying Boltzmann statistics one can write the inclusive particle production cross section
88
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Figure 11.1: Invariant dierential production cross sections for positive particles. The
lines are drawn to guide the eye. Only the statistical errors are shown.
as
E
d
3

dp
3
= 
inel:
 E 
2S + 1
(2h)
3
 V  e
 
(
E 
kT
)
; (11.1)
where 
inel:
is the total inelastic nucleus nucleus cross section, S, the spin of the par-
ticle and , the chemical potential. The ratio =kT can be evaluated from the parti-
cle/antiparticle cross section ratios at central rapidity
R
i

i


E
d
3

dp
3

i

E
d
3

dp
3


i
= e
2
i
kT
; (11.2)
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Particle Rigidity Rapidity Cross section
GeV/c
barn
GeV
2
c
3
+5 4.27 844.727.2

+
+10 4.96 550.717.4
+20 5.66 172.85.4
+40 6.35 131.03.9
+5 3.01 59.918.2
K
+
+10 3.70 38.02.2
+20 4.39 28.40.9
+40 5.09 26.11.0
+5 2.37 30.61.2
p +10 3.06 24.80.8
+20 3.75 26.80.9
+40 4.45 49.31.7
+200 6.06 13111
+5 1.71 0.2730:047
d +10 2.38 (9.790:99)  10
 2
+20 3.06 (8.870:80)  10
 2
+40 3.75 (17.89 1:10)  10
 2
+100 4.67 0.6340.023
+200 5.36 6.320.58
+5 1.98 (1.801:80)  10
 3
3
He +20 3.35 (3.092:3)  10
 4
+40 4.04 (1.940:47)  10
 3
+200 5.65 6.130.53
+5 1.34 (7.667:66)  10
 3
t +20 2.66 (6.36:3)  10
 4
 +200 5.37 (1.250:17)  10
 2
6
Li +200 5.37 (3.501:07)  10
 5
7
Be +200 5.50 (6.403:07)  10
 5
Table 11.1: Invariant dierential production cross sections for positive particles. Only the
statistical errors are shown.
assuming 

i
=  
i
for particle i and its antiparticle

i. The chemical potential of neutrons
is 
n
= 
B
and for protons it is 
p
= 
B
+ 
Q
, where 
B
is the baryochemical potential
and 
Q
is the electrochemical potential. Applying Eq. (11.2) to p p, d and

d gives
R
p
p
= e

2

B
+
Q
kT

(11.3)
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Figure 11.2: Invariant dierential production cross sections for negative particles. The
lines are drawn to guide the eye. Only the statistical errors are shown.
and
Rd

d
= e

2
2
B
+
Q
kT

: (11.4)
Solving for 
B
=kT from the last two equations gives

B
kT
=
1
2

lnRd

d
  lnR
p
p

(11.5)
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Particle Rigidity Rapidity Cross section
GeV/c
barn
GeV
2
c
3
-5 4.27 838.130.3

 
-10 4.96 806.129.2
-20 5.66 594.614.6
-40 6.35 204.52.5
-5 3.01 18.06.3
K
 
-10 3.70 24.01.2
-20 4.39 16.40.4
-40 5.09 8.180.16
-5 2.37 2.670.13
p -10 3.06 3.190.11
-20 3.75 2.030.04
-40 4.45 0.6760.013
-100 5.36 (9.00:2)  10
 4
-5 1.71 < 5:60  10
 3
(90% UL)

d -10 2.38 (8.64:96)  10
 4
-20 3.06 (8.81:9)  10
 4
-40 3.75 (3.640:48)  10
 4
-100 4.67 (32.93:9)  10
 6
-200 5.36 (0.3690:039)  10
 6
Table 11.2: Invariant dierential production cross sections for negative particles. Only
the statistical errors are shown.
Computing the ratio R
p
d
and using the previous equation together with the approximation
m
p
 m
n
gives an expression for the temperature [77]
T =
m
p
ln

3R
p
d

+
1
2

lnRd

d
  lnR
p
p

: (11.6)
Fitting the measured invariant dierential production cross sections as described in [36]
and computing their ratios at midrapidity allows Eq. (11.6) to be applied to extract
the temperature of the particle source. The temperature derived from ts to the present
cross section values is shown in Tab. 11.4. The value 120 MeV obtained here is essentially
similar to that obtained in Paper II.
Note that this temperature is derived from minimum bias events, so no centrality cut
has been applied. As was mentioned earlier the cross sections have not been corrected
for decays of heavy resonances, so this will aect the temperature determination. It
can be estimated from Monte Carlo simulations that including this eect will raise the
temperature extracted from p/d and p=

d ratios to approximately 140 MeV, see Paper II.
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Figure 11.3: Ratios of dierential production cross sections for negative particles to those
of positive particles. The lines are drawn to guide the eye. Only the statistical errors are
shown.
11.3 The K/ ratio
As was mentioned in Chapter 1, enhanced strangeness production is a possible signal of
QGP-formation. Strangeness production can be studied by measuring the K/ ratio as a
function of energy and as a function colliding particles (pp, pA and AA). The K/-ratio
is expected to have its maximum at central rapidities and decrease towards projectile
rapidity.
This variable can easily be computed for the present cross sections at forward rapidities
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Particles jRigidityj Rapidity Cross section ratio
GeV/c
5 4.27 0.9920.048

 
=
+
10 4.96 1.460.07
20 5.66 3.440.14
40 6.35 1.560.05
5 3.01 0.3010.139
K
 
/K
+
10 3.70 0.6320.048
20 4.39 0.5770.023
40 5.09 0.3130.013
5 2.37 0.0870.005
p/p 10 3.06 0.1290.006
20 3.75 0.0760.003
40 4.45 0.01370.0005
10 2.38 (8.785:14)  10
 3

d/d 20 3.06 (9.922:32)  10
 3
40 3.75 (2.032:96)  10
 3
100 4.67 (51.96:4)  10
 6
200 5.36 (58.48:2)  10
 9
Table 11.3: Ratios of invariant dierential production cross sections. Only the statistical
errors are shown.
Particle ratio T 
B
MeV MeV
d=p 1201 1407

d=p 1202 1407
Table 11.4: The temperature and the chemical potential of the particle source computed
from particle ratios.
because the pion points at y=4.27 and at y=4.96 are close to the kaon points at y=4.39
and y=5.09, as can be seen in Fig. 11.1 and 11.2. Extrapolating the pion cross sections to
the corresponding kaon rapidities and computing the ratios results in the numbers shown
in Tab. 11.5 and 11.6. The negative particles show the expected decrease as a function of
rapidity. The positive particles show the opposite trend. The 
 
=
+
ratio shows a peak
at projectile rapidities. One could argue that the strong Coulomb eld of the abundant
spectator charge repels the positive pions and attracts the negative pions so that in the
small acceptance seen by H6 there is an increase of negative pions and a decrease of the
positive pions. This might explain the dierence in the K/-ratio between positive and
negative particles. The behaviour of the K/-ratio for positive particles could also be
understood by taking into account the expected systematic errors. The K/ ratio at
central rapidity in the NA52 data has been estimated to be 0.272  0.033 for positive
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Particle ratio Rapidity Cross section ratio
K
+
=
+
4.39 0.0360.002
5.09 0.0540.003
Table 11.5: The K/ ratio for positive particles. Only the statistical errors are shown.
The pion cross sections have been linearly extrapolated to the kaon cross section rapidities.
Particle ratio Rapidity Cross section ratio
K
 
=
 
4.39 0.01970.0009
5.09 0.01070.0004
Table 11.6: The K/ ratio for negative particles. Only the statistical errors are shown.
The pion cross sections have been linearly extrapolated to the kaon cross section rapidities.
particles and 0.119  0.015 for negative particles [77].
11.4 The strangelet search
The majority of the 1994 and 1995 data were taken by NA52 for the strangelet search. No
heavy object with a mass to charge ratio m=z between 5 and 60 GeV/c
2
at p=z = 100
GeV/c and no event between 10 and 120 GeV/c
2
at p=z = 200 GeV/c has been found
in this data sample, see Paper IV and Paper V. The data taken primarily for the particle
production studies at p=z = 40 GeV/c can also be used for the strangelet search in the
interval 2 to 24 GeV/c
2
, but no event has been seen in this interval, either. From these
results an upper limit on the production of long-lived strangelets can be computed with
the help of TURTLE. Our strangelet detection sensitivity is dened by
S(m) =
1
N
int
 f
hp
?
i;
y
(m)
; (11.7)
where N
int
is the number of interactions and f
hp
?
i;
y
(m) is the detection probability for a
strangelet within the acceptance of the beamline. To calculate f
hp
?
i;
y
(m) we assume the
following strangelet production model with a factorized phase space distribution [78, 79]
d
2
N
dydp
?
=
4p
?
hp
?
i
2
exp
 
 
2p
?
hp
?
i
!
1
p
2
y
exp
 
 
(y   y
cm
)
2
2
2
y
!
; (11.8)
where y is the strangelet rapidity, y
cm
is the rapidity of the c.m.s. of the nucleons partic-
ipating in the interaction (y
cm
= 2.9 for Pb + Pb at 158 GeV/c), 
y
is the width of the
rapidity distribution and hp
?
i is the mean transverse momentum of the strangelet. For

y
the value 0.5 has been used. The mean transverse momentum hp
?
i is not known, but
it is assumed to be of the form a
q
mGeV=c
2
, with a another parameter and m is the mass
of the strangelet. The increase of the mean transverse momenta with increasing masses
of the particles has been seen in p-p collisions as well as in heavy ion collisions, for exam-
ple the observed production of protons and lambdas in sulfur-nucleus collisions at 200A
GeV/c supports hp
?
i = (0.5...0.7)
q
mGeV=c
2
[80, 81]. Since strangelets are expected to
be cooled remnants of a QGP the mean transverse momenta can be expected to be lower
than this value.
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The fraction f
hp
?
i;
y
(m) can be calculated by integrating d
2
N=dydp
?
over the spectrom-
eter acceptance in y and in p
?
. The sensitivities for data samples taken at two dierent
rigidites can be added like this
1
S
sum
=
1
S
sample 1
+
1
S
sample 2
: (11.9)
NA52    Pb (158 A GeV/c) + Pb -> St+ + X    (94+95)
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Figure 11.4: Sensitivity limits for positive strangelets. The dashed lines with the lled
symbols refer to the predictions by Crawford et al. in [82].
The results of this calculation including misalignment and steering eects are shown in
Fig. 11.4 and Fig. 11.5 for two dierent values of hp
?
i. The curves show the combined
limits for the data at 40 GeV/c,  100GeV/c and 200 GeV/c. Some of the predicted
strangelet probabilities computed in [82] are also shown in these gures for comparison. It
should be noted that the curves are strongly dependent on the chosen model parameters.
The assumed gaussian rapidity distribution determines the shape of the curves, while hp
?
i
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Figure 11.5: Sensitivity limits for negative strangelets. The dashed lines with the open
symbols refer to the predictions by Crawford et al. in [82].
determines their vertical position on the sensitivity plot. The acceptance model used here
results in 15%{30% smaller acceptance values at high rigidities than the values in the
earlier calculations. The strangelet limits shown here are therefore slightly larger than
the ones in Paper IV and Paper V. For a recent review of experimental strangelet searches
see [83].
Chapter 12
Summary
The main results of the work presented in the rst part of this thesis consists of the
following:
 new features implemented in TURTLE
 experimental tests showing the validity of the implemented improvements
 better determined H6 acceptance values computed with TURTLE, while taking into
consideration the measured geometrical imperfections of the beamline
 estimates for the systematic errors of the acceptance derived from extensive simu-
lations quantifying the acceptance error estimates used in the NA52 publications.
 better determined invariant dierential cross section results computed from the new
acceptance results
 better determined strangelet production limits computed with the improved Monte
Carlo model
The methods and results presented in this work can be applied to experiments using simi-
lar beamlines to H6, such as most of the SPS secondary beamlines to simulate realistically
long and complex secondary charged particle beamlines.
TURTLE is fast enough to be used, if wanted, as a tool to help the beam tuning of H6
and similar systems and to aid in understanding the beam in xed target experiments
during online data taking.
The physics results presented in this work form a compilation of particle production and
strangelet results from NA52 for the data taken in 1994 and 1995 with better determined
results and more realistic error estimates than before. There are some obvious applications
of the methods developed in this work, that have not yet been attempted, however. For
the 1998 run period the H6 beamline was modied substantially. An increase in the
acceptance to improve the sensitivity for strangelets was sought by changing the positions
of all members of the quadrupoles Q6 and Q11 and the eld in Q3 was put to zero.
An obvious application of the methods presented in this work is to compute an realistic
acceptance value for this modied setup of the H6 beamline. This is needed for the particle
production measurements from 1998 as well as for the strangelet search data from 1998,
which are being analyzed [84].
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The imperfections in the H6 geometry lead to an acceptance loss of the order of 15 %. By
using the methods developed in this work one could search for the most simple realignment
of the magnets that would be needed to regain the ideal acceptance in H6.
The collected results from all the seven heavy ion experiments at the SPS, of which NA52
is one, have been interpreted as signalling the formation of a QGP in lead-lead collisions
[85]. In this sense the CERN heavy ion programme must be regarded as highly successful.
The seven heavy ion experiments are obviously very dierent and thus provide as much as
possible information about ultra-relativistic lead-lead collisions in general and about the
QGP formation. Of all the collected experimental results only a few are directly related
to the QGP discovery in each experiment, the other results covering more general aspects
of the collisions or representing searches for eects that have not been seen. The physics
results obtained by NA52 from the 1994{1996 data can be summarized as follows:
 strangelet production probability limits
 measurement of production cross sections at p
?
 0 GeV/c for 

, K

, p, p, d, and

d, t,
3
He, and
3

He, ,
6
Li and
7
Be.
 extraction of the freeze-out temperature measurement from the cross section results
 computation of freeze-out radii of the colliding system from the cross section mea-
surements
 computation of scaling factors
 impact parameter dependence of the cross sections
Of these results from NA52 the most important ones related to the QGP discovery are the
determination of the freeze-out temperature and freeze-out radii of the colliding system as
well as the impact parameter dependence of the cross sections. In this context experiment
NA52 can be regarded as highly successful and the results to be very important.
The QGP production with the SPS opens up a new area of physics research in ultra-
relativistic heavy-ion physics. The accurate value of the transition temperature is an
interesting open question that will be answered during the rest of the SPS heavy ion
programme or with the next generation of heavy ion accelerators. The larger centre of
mass energies available at the new accelerators will increase the volume and the lifetime
of the QGP, which will improve the chances of observing signals directly from it. Very
interesting results will undoubtedly be obtained with the heavy ion experiments to be
performed at the RHIC and LHC accelerators, where the QGP and its properties can be
explored in more details than at the SPS.
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Appendix A
Conventions in use
A.1 Coordinate systems
In most cases a conventional right-handed coordinate system is used in the NA52 data.
The coordinate axes of this system are dened as follows:
 The positive z-axis is directed from T4 towards the end of the H6 beamline.
 The positive y-axis is taken to point upwards in the vertical plane at a right angle
to the z-axis.
 The direction of the positive x-axis is then xed by the right-hand rule (if one looks in
the direction of the positive z-axis, then the positive x-axis points towards the "left"
in the horizontal plane). This can also be expressed by saying that the positive x-
axis points roughly towards the Jura mountains, when using this coordinate system
along H6.
This coordinate system is not used, however, for the raw data from the TOF planes and
the wire chambers. This is because the slabs in each TOF plane and the wires in each
horizontal wire chamber have been numbered so that the numbers increase from left to
right when looking along the positive z-axis upstream of the detectors. This convention
is very natural together with the convention that the positive y-axis points upwards s-
ince it corresponds to how two-dimensional coordinate systems are usually plotted. But
these two conventions together with the convention that the positive z-axis points from
the target downstream towards the beam dump denes a left-handed coordinate system.
So intrinsically the TOF-planes and the wire chambers use a left-handed coordinate sys-
tem. But since TURTLE uses a right-handed coordinate system it is very inconvenient
to compare the raw data with the simulations if they are expressed in dierent coordi-
nate systems. For this reason a coordinate transformation to a right-handed system is
performed by the analysis program.
A.2 Magnetic eld sign conventions
The general features of a charged particle beam transport system, can be conveniently
given in terms of the polarities of the magnetics elements. One can then deduce the orien-
tation of the magnetic eld lines from the magnetic polarity, assuming a few conventions.
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Figure A.1: The horizontal magnets which are positive with respect to each other in
TURTLE and positive in an absolute sense. The beam enters from above the plane of the
drawing into and through the drawing.
The direction of the magnetic eld lines in terms of the magnetic poles are usually taken
to be directed from the north pole towards the south pole [86]. In some text books the
direction seems to be dened in the opposite way, however, so that the eld lines go from
the south pole towards the north pole, see gure on page 279 in [87] (this might be just
a mistake of course).
In a system of magnetic multipoles one has to dene which multipoles are considered to
be positive with respect to each other. In addition to that one has to dene which eld
conguration is taken to be positive in an absolute sense. In addition to that one needs
to keep track of the signs of the currents owing in the magnets and the charge of the
particles transported through the beamline.
This way of expressing the magnetic eld congurations is rather compact and handy, but
it provides ample opportunities for sign errors, so one needs to be careful when using it
and explicitly check what eld congurations correspond to the eld in a positive magnetic
multipole.
The TURTLE manual [45] does not say explicitly, which magnets are positive with respect
to each other, but this can be found out by performing a few simple simulations with the
program. It turns out that the eld congurations of the positive horizontal magnets are
the ones shown in Fig. A.1 (assuming eld lines going from north poles (N) to south poles
(S). In the gures a right-handed coordinate system as dened in the previous section is
used and the particles enter from above the plane of the drawing into and through the
drawing. These congurations are the same as those which are dened to be positive
with respect to each other in [47]. The drawing of relative positiveness is given also in
the manuals for TRANSPORT [55, 56], but the chosen coordinate system is dierent.
Changing the coordinate system in Fig. A.1 to that which is used in the TRANSPORT
manuals and multiplying all polarities with -1 results in the same gures that are shown
in the TRANSPORT manuals, so the relative signs of the magnets are the same in the
two programs.
Appendix B
Derivation of the steering formulas
The derivation of the formulas giving the change of the beam centroid as a function
of the change in dipole magnet strength is similar to the derivation of the rst order
misalignment eects in [57]. Here the derivation is performed for a positive rectangular
bending magnet, which bends towards the negative x-axis in TURTLE. The geometry of
the situation is shown in Fig. B.1. The radius of the central trajectory is denoted by 
ct
and the radius of an arbitrary steered trajectory is denoted by . For any trajectory the
relation between the bend angle  and the radius of curvature is
L

= sin; (B.1)
where L is the length of the magnet. For a positive horizontal bending magnet the position
of the exit face point in the aligned entrance face coordinate system is:
P =
0
B
@
x
y
z
1
C
A
=
0
B
@
x
0
  (1  cos)
0
 sin
1
C
A
(B.2)
Now we can compute the dierence, P
S
between exit point of the trajectory, P, which
is deected like the central trajectory and the exit point of the steered trajectory, P
S
,
and write
P
S
= P P
S
: (B.3)
Using Eq. (B.2) we can now compute P
S
P P
S
=
0
B
@
 
ct
(1  cos
ct
) + (1  cos)
0
0
1
C
A
; (B.4)
since  sin = 
ct
sin
ct
= L. By solving  from Eq. (B.1) and by using trigonometry we
can write
cos =
v
u
u
t
1 
 
L

!
2
(B.5)
Since  1, there is no problem with selecting the correct branch of the arcsin function.
Only the x component of Eq. (B.4) is nonzero, so Eq. (B.3) takes the form shown already
in Eq. (5.25)
x
S
= x  (  
ct
+
q

2
ct
  L
2
 
q

2
  L
2
): (B.6)
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Figure B.1: A schematic drawing showing the central trajectory and a steered trajectory
deected through a positive horizontal rectangular bending magnet with the length L,
drawn for the case  < 
ct
.
In addition to the shift in the x-direction, we will also have shifts in the angles as well.
A dipole magnet can be represented by an orthogonal matrix O, transforming any vector
x in the space (x; y; z) to x
0
= Ox. The direction of any ray is represented by the vector
(x
0
; y
0
; 1). This vector is also transformed by the matrix O. For a positive horizontal
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bending magnet O takes the form:
O =
0
B
@
cos
ct
0 sin
ct
0 1 0
  sin
ct
0 cos
ct
1
C
A
; (B.7)
where the bend angle satises sin
ct
= L=
ct
for the central trajectory. The signs in O
have been chosen according to an active interpretation of the rotation in a right-handed
coordinate system. Because of the sign convention in TURTLE a positive bending magnet
has a negative bend angle. Introducing this explicitly in O we get
O =
0
B
@
cos
ct
0   sin
ct
0 1 0
sin
ct
0 cos
ct
1
C
A
: (B.8)
Computing again the dierence, x
0
S
between the ray x
0
which is deected like the central
trajectory and the steered ray x
0
S
, we get the correction formula that we need
x
0
S
= x
0
 x
0
S
: (B.9)
By using the explicit form of O we get that
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With this expression and the similar one for x
0
we can compute the dierence
x
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The change in the x
0
component is then
(x
0
  x
0
S
)
x
0
= sin  sin
ct
+ x
0
(cos
ct
  cos): (B.12)
The rst two terms represent the zeroth order shifts whereas the last term is bilinear in
the ray angle and the steering angle. The bilinear term can be interpreted as a change of
the transfer matrix of the magnet. These terms can be simplied in the same way as was
shown previously to
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The result is then the same as shown earlier in Eq. (5.26)
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The case for a vertical dipole can be treated in exactly the same way.
Appendix C
The NA52 setups during 1994{1996
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Figure C.1: A schematic overview of the NA52 detector setup from 1994.
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Figure C.2: A schematic overview of the NA52 detector setup from 1995.
For 1995 a new threshold

Cerenkov counter

C0 and a new unsegmented scintillator plane
B0 was installed. The positions of the detectors B1, B2,

C1 and

C2 were changed. The
NA52 target box was moved 1,2 m upstream.
For 1996 a new unsegmented scintillator BT was installed upstream of TOF1. A new
bre calorimeter was installed in front of T4.
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Figure C.3: A schematic overview of the NA52 detector setup from 1996.
Appendix D
Versions of TURTLE
There are quite a few dierent versions of TURTLE in use and available from dierent
experiments at CERN and elsewhere. The main features of these dierent versions are
the same, but the details can be rather dierent, which might be quite confusing. The
following list contains dierent TURTLE versions known by the author and their main
features.
STD This is the standard TURTLE described in [45] and available in CERN-
LIB. This version is rather limited in that is has no way of simulating
material in the beamline.
EBS H. W. Atherthon at CERN has created this version from version STD.
Multiple scattering in the beamline materials has been implemented with
the Rossi-Greisen formula. In addition there are provisions for simulating
electron beams.
NA52 K The EBS version was modied by R. Klingenberg to write the output
to HBOOK histograms or ntuples. In addition to the intrinsic phase
space generator from version EBS any wanted distributions can be used
as input by use of a NTUPLE le in this version.
NA52 L1 This version originates from version NA52 K, which was debugged by the
author regarding NTUPLE input/output and HBOOK histogramming
output of some variables. The multiple scattering formula was changed
to the Lynch-Dahl approximation [54].
NA52 L2 Version NA52 L1 was further modied by implementing new magnet
apertures meant to represent the QNL, QTS, MCA and MSN magnets
that are widely used at CERN. All random number generator calls were
changed to use the better RANMAR generator. Slight changes were
made to the multiple scattering routine. The measured misalignments
of H6 were implemented as well as steering of bending magnets and
simulation of nuclear interactions.
SPY 1 Version NA52 L1 was the basis for the version that initially was in use
in NA56. It was modied mainly by A. Grant, G. Gregoire and L.
MoÆt. Some of the new features introduced were energy loss in material,
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multiple scattering for thick absorbers and misalignments. There were
some problems with this version so it was abandoned, however.
SPY 2 Another version was developed from NA52 L1 for use in NA56. This
was mainly done by T. Tabarelli and G. Lehmann. New features in this
version were simulation of nuclear interactions and the implementation
of the new magnet apertures found in version NA52 L2.
TURTLE+ F. Attalah et al. have modied version STD to use HBOOK and some
PAW utilities from CERNLIB [88]. This version allows also radioactive
beams and scattering processes.
TURTLE V1.5 Several versions of TURTLE are available at Fermilab. TURTLE V1.5
is the most recent one [89].
Appendix E
Magnets in H6 during 1994{1996
The following table lists all the magnetic elements of H6 and their positions during 1994{
1996, including those magnets that often are used with a zero magnetic eld in the HTM,
like Q12, Q17 and B9.
The magnetic elements of H6
Name Type Function Sign l d
T4
x
e
x
s
y
e
y
s
m m mm mm mm mm
B3T dipole H - 3.600 4.950
B3T dipole H - 3.600 9.150
B1 dipole H - 3.200 24.050 -0.68 -0.62 0.00 0.12
B2 dipole H - 3.200 31.030 -2.21 -1.49 0.06 -0.03
Q1 quadrupole F + 3.000 34.420 -2.39 -2.52 0.33 0.46
Q2 quadrupole D - 2.990 41.275 -0.13 -1.29 0.53 0.31
Q3 quadrupole D - 2.990 51.935 -0.28 -0.89 -0.11 0.37
B3 dipole V + 5.000 57.485 -0.94 -0.78 0.22 0.04
B3 dipole V + 5.000 63.145 -0.83 -1.04 0.54 0.25
B3 dipole V + 5.000 69.955 -1.88 -1.86 0.43 0.34
B3 dipole V + 5.000 75.615 -0.78 -1.27 0.12 -0.11
Q4 quadrupole D - 2.990 79.155 -1.43 -2.00 0.37 -0.16
Q5 quadrupole F + 2.990 97.383 -2.76 -2.38 0.08 -0.09
Q6 quadrupole D - 1.490 115.580 0.09 0.38 0.42 0.38
B4 dipole H + 2.500 118.670 0.70 0.34 0.49 0.53
B4 dipole H + 2.500 121.970 0.64 0.19 0.73 0.46
B4 dipole H + 2.500 125.270 1.16 0.52 0.39 0.06
6P1 sextupole - 0.700 129.200 1.32 0.89 0.26 0.33
TR1 dipole V 0.400 130.012 -0.22 0.09 0.19 0.38
B7 dipole H + 2.500 133.330 1.30 1.85 0.23 -0.14
B7 dipole H + 2.500 136.630 1.31 1.38 0.02 0.06
B7 dipole H + 2.500 139.930 2.45 2.41 0.34 0.57
Q6 quadrupole D - 1.490 142.010 1.70 2.14 1.27 0.64
Q7 quadrupole F + 2.990 161.707 1.65 1.58 1.12 0.17
Q8 quadrupole D - 2.990 179.935 1.89 1.28 0.51 1.11
6P2 sextupole - 0.700 193.585 -1.90 -1.90 -0.05 -0.12
continued on next page
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Name Type Function Sign l d
T4
x
e
x
s
y
e
y
s
m m mm mm mm mm
TR2 dipole V 0.400 194.397 -1.20 -1.10 0.83 0.81
TR6 dipole H 0.400 195.167
Q8 quadrupole D - 2.990 207.155 -2.09 -1.83 0.08 0.41
Q7 quadrupole F + 2.990 225.383 -2.39 -1.84 -0.63 -0.82
Q6 quadrupole D - 1.490 243.580 -2.23 -1.92 -1.09 -1.18
Q6 quadrupole D - 1.490 270.010 -1.32 -1.09 -1.35 -1.13
Q9 quadrupole F + 2.990 289.707 -2.34 -2.94 -1.89 -1.20
Q10 quadrupole D - 2.990 307.935 -3.26 -3.39 -2.39 -3.00
B5 dipole V - 5.000 313.485 0.20 1.10 -2.60 -2.76
B5 dipole V - 5.000 319.145 1.50 1.60 -3.32 -3.88
B5 dipole V - 5.000 325.955 0.90 0.70 -3.58 -4.46
B5 dipole V - 5.000 331.615 1.20 1.30 -4.00 -3.96
Q10 quadrupole D - 2.990 335.155 -1.47 -0.80 -4.19 -3.69
Q9 quadrupole F + 2.990 353.383 -2.10 -1.39 -4.31 -4.21
Q11 quadrupole D - 1.490 371.580 -0.23 -0.22 -2.96 -2.99
B6 dipole H - 5.000 377.100 1.20 1.40 -3.42 -3.03
B6 dipole H - 5.000 382.760 -2.70 -2.50 -3.25 -3.02
TR3 dipole V 0.400 384.875 1.10 -1.70 -2.28 -2.27
B6 dipole H - 5.000 390.340 0.10 0.00 -2.97 -2.57
B6 dipole H - 5.000 396.000 0.20 0.20 -2.80 -2.33
Q12 quadrupole D - 1.490 398.010 -0.30 -2.80 -1.85 -0.53
Q13 quadrupole D - 2.990 427.925 -0.10 1.70 -0.06 -0.09
Q14 quadrupole F + 2.948 435.884 0.20 0.30 -0.77 -0.49
Q15 quadrupole F + 2.948 454.926 0.80 -0.20 -0.01 -0.29
Q16 quadrupole D - 2.990 462.927 1.60 0.00 0.36 -0.62
Q17 quadrupole 2.990 473.145 -0.80 0.40 0.05 0.46
TR4 dipole V 0.400 474.000 -0.50 -0.50 1.51 1.45
TR5 dipole H 0.400 474.770 1.00 0.90 0.32 0.05
B9 dipole V 2.500 523.247 -1.60 0.00 -1.26 -1.66
Table E.1: The magnetic elements in H6 during 1994{1996. The sign refers to the eld
sign convention in TURTLE for a positive beam, see Fig. A.1, l is the length of the
magnet, d
T4
is the distance from T4. The parameters x
e
, x
s
, y
e
and y
s
are the horizontal
and vertical misalignments at the entry and exit magnet faces. TR6 was installed in 1996,
but in 1997 the trim dipole magnets were renamed as follows TR1!TR1, TR2!TR2,
TR6!TR3, TR3!TR4, TR4!TR5, TR5!TR6.
